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1. Abstract
Channelrhodopsins (ChRs) are light-activated cation channels functioning as primary
photoreceptors in green algae. In the emerging field of optogenetics, ChRs are used to
depolarize neuronal membranes, thus allowing for light-induced action-potential firing.
The blue light-activated Chlamydomonas channelrhodopsin 2 (C2) and high-efficiency
mutants such as C2 H134R represent the most commonly used depolarizing optogenetic
tools. Complementary to ChRs, green to yellow light-activated proton and chloride
pumps originating from archea enable neuronal inhibition by membrane hyperpolariza-
tion. The present work combines basic electrophysiological characterization of ChRs
with their optimization for optogenetic application. Moreover, it describes the design of
an optogenetic tool that allows for light-induced acidification of synaptic vesicles.
In order to perform multi-color optogenetic experiments, a high-performance ChR
that exhibits a red-shifted activation maximum when compared to C2 was developed.
By combining the two N-terminal transmembrane helices of Chlamydomonas channel-
rhodopsin 1 (C1) with the latter five from Volvox channelrhodopsin 1 (V1), the C1V1
chimera was created. C1V1 is not only activated with green light showing peak activation
at 536 nm, but also shows excellent membrane targeting and high photocurrents when
being expressed in mammalian cells. Hence, C1V1 can be used for light-induced action-
potential firing with activation wavelengths up to 620 nm. Key residues of the C1V1
retinal-binding pocket were mutated to fine-tune its spectral and kinetic properties. The
mutants C1V1 S220G and C1V1 L221T display blue- and red-shifted action spectra with
peak activation at 524 nm and 542 nm, respectively. Additionally, C1V1 E122T E162T
constitutes a fast-cycling ChR that exhibits sixfold accelerated channel-closing kinetics
compared to C1V1. Together, expression of selected C2 and C1V1 mutants in distinct
cellular populations allows for selective activation using blue and yellow light.
Based on structural models for C2 and C1V1, residues potentially involved in chan-
nel gating and cation binding were identified. Inner gate residues such as C2 H134 are
shown to influence cytosolic cation release and are necessary for the characteristic in-
ward rectification found in ChRs. Central gate residues include C2 S63 and C2 N258
that determine cation selectivity and competition, and affect the equilibrium between
the two predicted open channel conformations. An enzyme-kinetic model was used to
quantitatively dissect photocurrents into the contribution of different competing cations.
Being applied to electrophysiological data for C2, C2 L132C T159C (Catch+) and C1V1,
the model offers insights into voltage dependency of cation transport, cation competition
and differential selectivities of the two open conformations. The model is also suitable to
predict current amplitudes at ionic conditions that were not experimentally tested. The
here presented data does not only reveal basic principles underlying cation selectivity
in ChRs, but also facilitates choosing the optimal ChR variant for a certain optogenetic
application.
Finally, pHoenix - a light-activated proton pump targeted to synaptic vesicles - was
designed. Being expressed in hippocampal neurons, pHoenix colocalizes with vesicular
glutamate transporters and specifically acidifies synaptic vesicles following green light
application. pHoenix was successfully used to analyze the energetics of synaptic neuro-
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transmitter uptake and to examine postsynaptic electric responses that depend on the
filling state of synaptic vesicles. pHoenix represents the first optogenetic actuator that
allows for specific manipulation of presynaptic processes with light.
2
2. Zusammenfassung
Kanalrhodopsine sind lichtaktivierte Kationenkana¨le, welche als prima¨re Fotorezeptoren
in Gru¨nalgen dienen. Im aufstrebenden Forschungsfeld der Optogenetik werden Kanal-
rhodopsine fu¨r die Depolarisierung neuronaler Membranen verwendet. Dabei ermo¨glichen
Kanalrhodopsine das licht-induzierte Auslo¨sen von Aktionspotentialen. Das mit blauem
Licht aktivierte Kanalrhodopsin-2 (C2) und verbesserte Mutanten wie C2 H134R stellen
die am ha¨ufigsten zur Depolarisierung angewandten optogenetischen Werkzeuge dar.
In komplementa¨rer Weise zu Kanalrhodopsinen werden lichtaktivierbare Protonen- und
Chloridpumpen aus Archaebakterien zur neuronalen Inhibierung durch Hyperpolarisa-
tion verwendet. Die vorliegende Arbeit kombiniert die grundlegende, elektrophysiologi-
sche Charakterisierung von Kanalrhodopsinen mit ihrer Optimierung fu¨r optogenetische
Anwendungen. Des Weiteren wird die Entwicklung eines optogenetischen Werkzeuges,
welches lichtinduzierte Ansa¨uerung von synaptischen Vesikeln ermo¨glicht, beschrieben.
Um optogenetische Experimente mit verschiedenen Anregungswellenla¨ngen mo¨glich zu
machen, wurde ein optimales Kanalrhodopsin mit im Vergleich zu C2 rotverschobener
Aktivierung entwickelt. Durch Kombination der zwei N-terminalen Transmembran-
helizes von Chlamydomonas Kanalrhodopsin 1 (C1) mit den letzten fu¨nf Helizes von
Volvox Kanalrhodopsin 1, entstand die Chima¨re C1V1. C1V1 wird nicht nur mit
gru¨nem Licht mit maximaler Aktivierung bei 536 nm angeregt, sondern zeichnet sich
auch durch exzellente Membransta¨ndigkeit und hohe Fotostro¨me in Sa¨ugetierzellen aus.
Folglich, kann C1V1 fu¨r das Auslo¨sen von Aktionspotentialen mit Licht der Wellen-
la¨ngen bis maximal 620 nm benutzt werden. Entscheidende Aminosa¨uren der C1V1
Retinalbindungstasche wurden fu¨r die Feinabstimmung der spektralen und kinetischen
Eigenschaften der Chima¨re mutiert. Die Mutanten C1V1 S220G und C1V1 L221T weisen
blau- und rotverschobene Aktionsspektren mit Maxima bei 524 nm und 542 nm auf. Als
Erga¨nzung stellt C1V1 E122T E162T eine C1V1 Variante dar, welche sich durch einen
sechsfach schnelleren Fotozyklus im Vergleich zu C1V1 auszeichnet. Die Expression
von ausgewa¨hlten C2 und C1V1 Mutanten in verschiedenen zellula¨ren Populationen er-
mo¨glicht die selektive Aktivierung dieser mit blauem und gelbem Licht.
Basierend auf Strukturmodellen fu¨r C2 und C1V1 wurden Aminosa¨uren, die potentiell
an Kanalo¨ffnung und Kationenbindung beteiligt sind, identifiziert. Fu¨r Aminosa¨uren wie
C2 H134, die die Kanalpore an der zytosolischen Seite begrenzen, wurde eine Beteiligung
an der intrazellula¨ren Kationenfreisetzung nachgewiesen. Außerdem wurde gezeigt, dass
diese Aminosa¨uren essentiell fu¨r die typische Einwa¨rtsgleichrichtung der Kanalrhodop-
sine sind. Aminosa¨uren des zentralen Porenbereichs wie C2 S63 und C2 N258 bestimmen
dagegen Kationenselektivita¨t und -konkurrenz und beeinflussen das Gleichgewicht zwi-
schen den zwei vorhergesagten offenen Kanalzusta¨nden. Ein enzymkinetisches Modell
wurde verwendet, um die Fotostro¨me in die Bestandteile der verschiedenen, konkurri-
erenden Kationen zu zerlegen. Das Modell wurde zur Beschreibung der elektrophysio-
logischen Daten von C2, C2 L132C T159C und C1V1 benutzt und gibt Einblicke in die
Spannungsabha¨ngigkeit des Kationentransports, in Kationenkompetition und in die ver-
schiedenen Selektivita¨ten der beiden offenen Zusta¨nde. Zusa¨tzlich ist das Modell dazu
geeignet, Fotostromamplituden fu¨r Bedingungen vorauszusagen, welche nicht experi-
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mentell untersucht wurden. Die hier pra¨sentierten Daten legen nicht nur grundlegende
Prinzipien der Kationenselektivita¨t von Kanalrhodopsinen offen, sondern unterstu¨tzen
auch die Auswahl einer passenden Kanalrhodopsinvariante fu¨r unterschiedliche opto-
genetische Anwendungen.
Der letzte Teil der Arbeit bescha¨ftigt sich mit der Konstruktion und Charakterisierung
von pHoenix, einer licht-aktivierten Protonenpumpe gekoppelt an synaptische Signalse-
quenzen. In Neuronen des Hippocampus kolokalisiert pHoenix mit vesikula¨ren Gluta-
mattransportern und sa¨uert synaptische Vesikel an, sobald es mit gru¨nem Licht aktiviert
wird. pHoenix konnte erfolgreich zur Untersuchung der treibenden Kra¨fte fu¨r die Neu-
rotransmitteraufnahme in Vesikel sowie zur Analyse von postsynaptischen, elektrischen
Antworten in Abha¨ngigkeit des vesikula¨ren Fu¨llstands verwendet werden. pHoenix stellt
das erste optogenetische Werkzeug da, welches die spezifische Aktivierung von pra¨synap-
tischen Prozessen mit Licht erlaubt.
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Light is the universal energy source that enables energy-consuming processes in all king-
doms of life. Photoautotrophic organisms use the light energy delivered by the sun to
synthesize high-energy organic compounds. In the process of oxygenic photosynthesis,
the absorption of photons enables the production of sugars and molecular oxygen from
carbon dioxide and water. Reversely, cellular respiration provides metabolic energy by
oxidation of carbohydrates in both photoautotrophic and photoheterotrophic species.
Most plants, algae and cyanobacteria perform photosynthesis and have developed highly
specialized organelles to optimize light-energy conversion. In order to maximize the
efficiency of light harvesting, photosynthetic organisms employ further photosensitive
molecules, so-called photoreceptors. These photoreceptors detect color and intensity of
the incident light, thereby allowing to correspondingly adjust photosynthesis and de-
velopmental steps [1]. Moreover, motile photosynthetic organisms such as flagellated
algae use photoperception for optimal orientation towards the respective light source.
Photoreceptors are not restricted to plants, algae and cyanobacteria, but are also found
in bacteria, fungi and animals. In the vertebrate kingdom, photoreception is mainly
used for spacial orientation which is commonly referred to as ”vision”. In the following,
mechanisms of photoreception and the involved molecules are introduced.
3.1. Photoreceptors
Photoreceptors are photosensitive proteins that absorb light in the visible range (380 nm
to 740 nm), the part of the sun’s electromagnetic spectrum that the earth’s atmosphere
is most permissive to [2]. Since neither the peptide backbone nor amino acid side chains
show considerable absorption of visible light, photoreceptors bind additional organic
compounds called chromophores. All known chromophores exhibit delocalized electrons
distributed across conjugated π-electron systems [3] allowing for visible light percep-
tion. Based on protein sequence similarities and the nature of the applied chromophore
seven distinct classes of sensory photoreceptors have been identified. These include
rhodopsins, xanthopsins, light-oxygen-voltage (LOV) sensors, blue-light sensors using
flavine adenine dinucleotide (BLUF), cryptochromes, phytochromes and the most re-
cently found cyanobacteriochromes [4, 3, 5]. Distinct photoreceptor classes show dif-
ferent primary photochemical reactions that usually lead to conformational changes in
the protein structure and are eventually forwarded to the respective effector domains.
While photoreactions are triggered by isomerization around double bonds in rhodopsins,
xanthopsins, phytochromes and cyanobacteriochromes, LOV sensors are activated by
the formation or rupture of a covalent bond and electron transfer starts photoreactions
in BLUF proteins and cryptochromes [3, 6, 7]. Also, different mechanisms of signal
transduction have been evolved. The most simple photoreceptors are constituted of a
single domain that directly mediates both sensory and effector functions (e.g. microbial
ion pumps and channelrhodopsins). In contrast, many photoreceptors display a modular
architecture linking mainly N-terminal sensor domains to one or more C-terminal effec-
tor domains. In nature, diverse and complex combinations of sensors and effectors are
present, which include proteins with several different sensor domains. Representatives of
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photoreceptor class chromophore examples occurrence
rhodopsins (Rs) retinal vertebrate Rs, animals, plants, algae,
invertebrate Rs, cyanobacteria, archea,
microbial Rs proteobacteria
xanthopsins coumaric acid photoactive yellow archea
protein (PYP)
LOV proteins flavin nucleotide phototropin, plants, algae,
cofactor neocrome, bacteria
aureochrome
BLUF proteins FAD AppA, protists,
photoactivated proteobacteria,
adenyl cyclases cyanobacteria
cryptochromes flavin nucleotide Arabidopsis animals, plants,
cofactor, pterin cryptochrome 1-3 algae, cyanobacteria
phytochromes tetrapyrrole phytochrome 1, plants,
bacteriophyto- proteobacteria,
chromes cyanobacteria
cyanobacterio- tetrapyrrole SyPixJ1, SyCcaS, cyanobacteria
chromes (bilin) SyCikA
Table 3.1.: Seven photoreceptor classes with respective chromophores. Note that cryptochromes bind
a second chromophore belonging to the group of pterins, that is not directly involved in the primary
photoreaction. For each class several examples are presented in the third column and the last column
depicts the kingdoms of life where representatives of each group have been identified.
modular-built photoreceptors are found in all photoreceptor classes. The third mecha-
nism of signal transduction is the activation of secondary proteins by the photoreceptors.
Using this mechanism, many copies of effector proteins can be activated by one receptor
molecule, thereby allowing for signal amplification. One of the best-known examples is
visual rhodopsin that belongs to the G-protein-coupled receptor family. An overview of
the seven visible light-absorbing photoreceptor classes is given in Table 3.1.
3.2. Vision in phototactic algae
Most photoreceptors presented in this work originate from green algae belonging to
the family of volvocaceae. These algae are unicellular or colonial biflagellates. The
interplay of photoreceptors and the two flagellas enables the algae to perform phototaxis
according to the ambient light quality. In the following, photoreception in two prominent
representatives of volvocaceae, Chlamydomonas reinhardtii and Volvox carteri, is shortly
summarized.
3.2.1. Chlamydomonas reinhardtii
Chlamydomonas reinhardtii is a species of unicellular, green algae that possesses a cell
wall and a chloroplast. Moreover, it uses a specialized organelle for light detection, the
so-called ”eyespot” [8]. The eyespot consists of two or more layers of pigmented granules
that function as quarter-wave stack antennas [9]. Reflection and positive interference in-
tensifies blue light shining perpedicularly on the surface of the eyespot. In contrast, light
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coming from other directions will be attenuated by the antenna. The photoreceptors are
located in the plasma membrane at the surface of the eyespot, thereby sensing different
light inputs depending on the orientation of the cell related to the incident light. The
eyespot itself is placed such that it precedes the beating plane of the flagella by approx-
imately 30  during rotational swimming [1]. The direction-modulated signal allows the
algae to adjust plane, frequency and three-dimensional pattern of the flagellar beating
[1]. The ability to perform both photophobic responses and positive phototaxis suggested
the involvement of at least two different photoreceptors. Foster et al. showed that the
photoresponses were mediated by retinal-binding rhodopsin proteins [10]. Subsequently,
the first rhodopsin, namely Chlamyopsin 1 (Cop1), was purified from the eyespot and its
protein sequence was determined [11, 12]. Sequence comparisons revealed homology to
invertebrate rhodopsins including the conserved loop responsible for G-protein binding
[13, 14, 15]. However, experiments failed to prove its employment in phototaxis [14].
Also, the Cop2 protein, an alternatively spliced variant of the cop1 gene, was only ex-
pressed at very low levels in the eyespot and was therefore excluded to be the primary
photoreceptor [14].
Only when a Chlamydomonas cDNA database was available, two additional opsin-
coding genes were identified [16, 17, 18, 19]. Nagel and coworkers heterologously ex-
pressed the rhodopsins coded by the cop3 and cop4 genes in Xenopus oocytes and
recorded light-activated currents in two-electrode voltage-clamp measurements [17, 18].
The measured photocurrents may account for the currents earlier detected by electrical
recordings on cell-wall deficient Chlamydomonas cells [20]. Due to channel character-
istics of the light-induced currents, the gene products were named channelrhodopsin 1
(C1) and channelrhodopsin 2 (C2) [17, 18]. Moreover, Sineshchekov et al. used an RNA
interference approach to show that the two rhodopsins are responsible for photoresponses
in Chlamydomonas in vivo [16]. They proposed that C1 would mediate the fast photore-
sponse at high light levels and C2 would cause slower responses at lower light intensities.
Since the fast photoresponses are Ca2+-driven currents that are more or less insensitive
to pH changes [21], the involvement of a secondary Ca2+ channel was proposed [22, 23].
This Ca2+ channel could be either activated by membrane depolarization or by direct
interaction with the C-terminal intracellular domains of channelrhodopsins. Although
the sequence of a putative interaction partner has been suggested, the interplay of chan-
nelrhodopsins and secondary channels remains to be investigated. Recent advances in
gene targeting in Chlamydomonas will allow for the creation of knock-out variants that
will provide further understanding of the mechanisms underlying phototaxis [24, 25].
Structure and function of channelrhodopsins (ChRs) are described in detail in section
3.4.
The Chlamydomonas genome contains four additional opsin genes. cop5, cop6 and
cop7 code for microbial rhodopsins with long C-terminal extensions. The N-terminal
microbial rhodopsin genes are followed by genes potentially being translated into a histi-
dine kinase, a response regulator and an effector protein, e.g. a nucleotide cyclase [1, 26].
Only recently, the rhodopsin part of histidine kinase rhodopsin 1 encoded by the cop5
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photoreceptor representatives protein structure putative functions
group
invertebrate Cop1, Cop2 , Vop1 rhodopsin domain, possibly involved
rhodopsins G-protein binding in phototaxis
regulation and
PSI assembly
channel- C1 (cop3), C2 (cop4), microbial rhodopsin photoreceptors
rhodopsins V1, V2 with C-terminal responsible for
(ChRs) cytosolic domain phototaxis
histidine kinase HKR1 (cop5), Cop6, microbial rhodopsin HKR1: UVA recep-
rhodopsins Cop7, Cop8, linked to HK, RR tor potentially
(HKRs) Vop5, Vop6 and effector protein; involved in
Cop8: N-terminal photoadaptation
K+ channel
phototropins Chlamydomonas 2 LOV domains regulation of
(phots) phot, and a S/T kinase development,
Volvox phot chemotaxis,
photosynthesis,
phototaxis
cryptochromes Chlamydomonas photolyase-related control of metabo-
CPH1, aCRY, domain and C- lism, cell cycle,
Volvox terminal circadian clock
cryptochrome extension
Table 3.2.: Overview of photoreceptors in volvocaceae. Rhodopsins were categorized into three groups
based on sequence and structural homologies. For each group the reported representatives and their
structural composition is given. The right column displays selected functional roles in the algae. Abbrevi-
ations are used as follows: cop- Chlamydomonas opsin, vop- Volvox opsin, C1 and C2- channelrhodopsins
from Chlamydomonas, V1 and V2- channelrhodopsins from Volvox, PSI- photosystem I, HKR1- histi-
dine kinase rhodopsin 1, HK- histidine kinase, RR- response regulator, S/T- serine/threonine, CPH-
Chlamydomonas photolyase homolog
gene was purified and shown to be a bistable receptor sensitive to UVA and blue light
[27]. Luck et al. propose that histidine kinase rhodopsin 1 is involved in the adaptation
of photoresponses in the presence of UVA radiation. Even more complex, the cop8 gene
combines a putative potassium channel with a microbial rhodopsin and down-stream
effector proteins. But, while expression of the the cop5 and cop6 genes in the algae has
been verified by PCR (personal communication Meike Luck), no such information has
been reported for cop7 and cop8. Therefore, expression pattern, structure and function
of the cop7 and cop8 gene products remain highly speculative.
Apart from rhodopsins, Chlamydomonas expresses a phototropin that consists of two
LOV domains and a C-terminal kinase. Phototropin was shown to control developmental
processes, chlorophyll and carotenoid biosynthesis as well as chemotaxis [28, 29, 30, 31]
in Chlamydomonas. A recent knock-out study demonstrates that phototropin regulates
the size of the eyespot and the expression level of channelrhodopsin 1 in the algae [32].
Additionally, the Chlamydomonas genome codes for at least two cryptochromes (CPH1
and aCRY) and a DASH protein sensitive to blue and red light [33, 34]. The animal-
like cryptochromes (aCRYs) control expression of a number of different genes, thereby
controlling chlorophyll and carotenoid biosynthesis, nitrogen metabolism and the pro-
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duction of light-harvesting complexes [34]. Furthermore, cryptochromes control the cell
cycle and are part of the circadian clock [34]. In summary, photoreception in Chlamy-
domonas is mediated by the complex interplay of many different photoreceptors. While
at least ten distinct photoreceptor genes are found in the Chlamydomonas reinhardti
genome, the expression pattern as well as the functional role of several proteins remain
to be investigated.
3.2.2. Volvox carteri
Volvox carteri is a colony-forming biflagellate and a model organism for the develop-
ment of multicellularity [35]. The single somatic cells resemble the Chlamydomonas cells
featuring an eyespot, a chloroplast and two flagellas. Light-induced photocurrents are re-
stricted to the eyespot [22] and have been assigned to the primary photoreceptors Volvox
channelrhodopsin 1 (V1) and Volvox channelrhodopsin 2 (V2) [36, 37, 38]. In addition,
an animal-like rhodopsin - the gene product of the vop1 gene - has been reported to
control the organism’s phototactic behaviour [39]. Moreover, two genes encoding for
histidine-kinase rhodopsins (vop5 and vop6), a phototropin gene and a cryptochrome
gene were identified in a Volvox carteri genome project [40, 26]. All presented photore-
ceptors in volvocaceae, their structures and potential functions are summarized in Table
3.2.
3.3. Microbial rhodopsins
Rhodopsins are classified into two distinct classes [41]. Type I rhodopsins, also re-
ferred to as microbial rhodopsins, bind all-trans retinal and are found in bacteria, al-
gae, archea and fungi. This group comprises sensory rhodopsins, channelrhodopsins
and ion-pumping rhodopsins with its prominent representatives bacteriorhodopsin, pro-
teorhodopsin and halorhodopsin. Type II rhodopsins are G-protein coupled receptors
binding 11-cis retinal and imply the visual rhodopsins of higher animals. Moreover, type
II rhodopsins are represented by non-visual vertebrate rhodopsins including pinopsin,
vertebrate ancient rhodopsin, melanopsin, peropsin and encaphalopsin that are sug-
gested to be involved in circadian entrainment, body pigmentation, detection of ambient
light, seasonsal adaptation and phototaxis (for a review see [41]). In the following, a
closer insight into structure and activation mechanism of selected microbial rhodopsins
is presented.
All microbial rhodopsins are membrane proteins consisting of seven characteristic he-
lices featuring amino acid sequence homology of 25% or higher. The retinal chromophore
is bound via a conserved lysine residue in helix seven, thus forming a Schiff base (see Fig-
ure 3.1A for bacteriorhodopsin model structure). Photon absorption induces an isomer-
ization of the all-trans retinal to a 13-cis configuration by double-bond rotation (Figure
3.1B). While resulting Schiff base reorientation and/or deprotonation is involved in ion
transport in ion-pumping rhodopsins, retinal isomerization is followed by major confor-
mational changes in sensory rhodopsins and channelrhodopsins. In sensory rhodopsins
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Figure 3.1.: Structural characteristics of microbial rhodopsins. A Crystal structure of a bacteri-
orhodopsin photointermediate (L-state, 2NTU) showing the typical seven transmembrane helices and
the retinal chromophore covalently linked to K216 in helix seven [42]. The Schiff base is stabilized by
the counterion complex comprising D85, D212 and a water molecule [43, 44, 45]. D85 and D212 are
involved in primary proton uptake from the Schiff base and D96 depicts the primary proton donor for
reprotonation from the cytosolic side [46, 47, 48]. B In microbial rhodopsins photon absorption triggers
retinal isomerization from the all-trans to the 13-cis isoform [49]. Retinal isomerization induces transient
deprotonation of the Schiff base nitrogen.
the conformational changes cause rearrangements of the bound transducer molecule by
helix-helix interactions [50].
3.3.1. Proton-pumping rhodopsins
Archaeal bacteriorhodopsins [51] and the more recently discovered proteorhodopsins [52]
and xanthorhodopsins [53] use the absorbed photoenergy to actively pump protons from
the cytosol to the extracellular side. The resulting proton gradient drives the energy-
consuming processes in the cell. Here, the proton-pumping mechanism is exemplarily
described for bacteriorhodopsin (BR) which constitutes one of the best studied mem-
brane proteins. Since the different transport steps and the corresponding protein confor-
mations change the retinal environment, UV-vis absorption spectroscopy is well-suited
to follow the reaction cycle also referred to as photocycle [54]. BR in its dark-adapted
state is activated by green light of about 560 nm [51] triggering isomerization of all-trans
retinal to the 13-cis, 15-anti configuration [49] (Figure 3.1B). Rapid retinal isomeriza-
tion is followed by the J, K and L states [54] that exhibit distinct retinal and Schiff-base
orientations. Both K and L state are high-energy intermediates featuring bent retinal
configurations [55]. Consecutively, the Schiff-base proton is transferred to the primary
proton acceptor D85 [46, 47] via a connecting water molecule (water 402), thereby form-
ing the M1 state. Schiff-base deprotonation decreases the effective size of the delocalized
electron system resulting in a characteristic blue-shifted absorption spectrum of the M
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Figure 3.2.: Upon photon absorption microbial proton pumps transport protons from the cytosol to the
extracellular side of the membrane. A BR photocycle with the K, L, M, N and O photointermediates
after Lanyi, 2004 [55]. Light absorption triggering retinal isomerization is shown in green and proton
release and uptake is depicted by red arrows. B Confocal fluorescence image showing HEK 293 cells
transiently expressing the proton pump CvRh [26] that is linked to the green fluorescent protein eGFP.
The image was recorded by Arend Vogt in our group. C Exemplary macroscopic current trace of CvRh
measured in a whole-cell voltage clamp recording on a HEK cell.
states. Sequentially, a proton is released to the extracellular side via the proton release
group constituted by E194, E204 and bound water molecules [56, 57, 55]. At the same
time, the Schiff base reorientates to the cytoplasmic side (M1 → M2) and the pKa of D85
increases (M2 → M2’) [55]. Next, the Schiff base is reprotonated from D96 via several
water molecules forming the N intermediate [46, 58]. Finally, D96 is reprotonated by
a cytosolic proton, the retinal thermally reisomerizes (N → 0) and the initial state is
recovered [59].
The overall reaction cycle results in outward transport of one proton per absorbed
photon. The duration of one complete cycle is in the range of 15ms [60]. During
continueous high illumination, BR molecules may start the next reaction cycle as soon
as they reach the ground state and absorb another photon. Macroscopic photocurrents
can be measured by electrical recordings on Xenopus oocytes or cultured animal cells
that heterologously express the respective proton pump [61]. Figure 3.2B shows human
embryonic kidney (HEK) cells transiently expressing the BR-like proton pump from
the green algae Chlorella vulgaris (CvRh). Upon green light activation a characteristic
outward current can be detected in whole-cell voltage-clamp recordings (Figure 3.2C).
While BR and related pumps such as CvRh favorably absorb green light of 560 nm
(personal communication with Arend Vogt), proteorhodopsins and xanthorhodopsins
exhibit action spectra with shifted maxima. Proteorhodopsin action spectra are tuned
according to the habitat of the bacteria, thus proteorhodopsins isolated from marine
surface bacteria belong to the class of green-light absorbing proteorhodopsins (maximal
absorption at 525 nm) and proteorhodopsins from deeper water levels belong to the
blue-light absorbing proteorhodopsins (maximal absorption at 490 nm) [62, 63]. The
two classes are distinguished by the amino acid at position 105 (E105 vs L105) and
several other amino acids are involved in additional fine-tuning of the spectrum [63, 64].
Color-shifted proteorhodopsin variants are an excellent example for the influence of the
protein environment on the π-electron system and thus the absorption properties of the
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retinal. In general, retinal absorption depends on the conformation of the retinal (e.g.
planarity), electrical interactions of the Schiff base with the counterion complex and
other electrostatical interactions that either stabilize or destabilize the ground state or
the excited state [65].
Xanthorhdopsins employ a different strategy to shift their spectrum. By binding a
second chromophore, salinixanthin, xanthorhodopsin is also able to absorb blue light
with spectral peaks at 457 nm, 487 nm and 521 nm, thereby complementing its retinal
absorption at 565 nm [53]. The energy absorbed by salinixanthin is transferred to the
retinal with an efficiency of 40% [53]. Altogether, action spectra of retinal-binding
proteins can be altered by tuning the residues of the retinal-binding pocket or by energy
transfer from a second chromophore.
3.3.2. Halorhodopsins
Halorhodopsins (HRs) are inward-directed chloride pumps originating from Archea [66,
67]. They are activated by yellow light with maximal absorption at 580 nm. While their
overall structure resembles the BR structure, some structural and mechanistic differences
to BR account for chloride transport. The counterion complex is conserved for R108 (BR
R82), D238 (BR D212), but the primary proton acceptor in BR (D85) is replaced by
T111 in HR. This difference allows for chloride binding on the extracellular side of the
Schiff base in dark-adapted HR. Early in the HR photocycle, the Schiff base orientates
to the cytoplasmic side (K state) and the chloride ion is transported to the cytosolic
release side (L states). Subsequently, the chloride ion is intracellularly released, the
retinal thermally reisomerizes and the Schiff base adopts its original orientation (L →
O). Finally, a chloride ion is bound to the extracellularly exposed transport side (O →
N transition) and the initial protein conformation is reestablished [68, 69]. Notably, the
HR photocycle does not include an intermediate with an unprotonated Schiff base (M
state). Macroscopic photocurrents measured on cells expressing HR show similar time
courses than BR currents with apparent ”outward currents” reflecting chloride influx
[70, 71].
3.4. Channelrhodopsins
Channelrhodopsins (ChRs) are light-activated cation channels that constitute the pri-
mary photoreceptors of green algae (see section 3.2). The first identified ChRs originate
from Chlamydomonas reinhardtii (C1 and C2) [16, 17, 18, 19] and Volvox carterii (V1
and V2) [36, 37, 38]. Only recently, genomic analysis revealed a variety of ChR genes
in other algae species including Mesostigma viride, Chlamydomonas augustae, Chlamy-
domonas yellowstonensis, Dunalliella salina, Pleodorina starii and Pyramimonas gelidi-
cola [72, 73, 26]. The following section deals with common structural and mechanistic
principles of ChRs and focusses on C2 representing the best characterized ChR variant.
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3.4.1. Structure
Channelrhodopsins consist of a N-terminal rhodopsin domain (amino acids 1-315 in C2)
followed by an intracellular signaling domain (amino acids 316-737 in C2) [18] possibly
involved in protein-protein interactions or eyespot targeting in the algae. Early studies
showed that the rhodopsin domain is sufficient for channel activity [17, 18]. Therefore, in
most studies truncated versions only expressing the rhodopsin part are used. Frequently,
a fluorescent marker protein such as the green fluorescent protein (GFP) is C-terminally
fused to the rhodopsin part, thereby replacing the original intracellular domain.
Figure 3.3 shows an amino-acid alignment comparing the C1, V1, C2 and BR sequences
[74]. The ChR sequences exhibit 15% to 20% sequence homology when compared to
other microbial rhodopsins [17] such as BR. Conserved residues are especially found in
the retinal-binding pocket [17] whereas homology is lowest in helices one and two [75].
ChR sequences contain the retinal-binding lysine in helix seven (K257 in C2). Moreover,
the conterion complex consists of E123 and D253 in C2 corresponding to D85 and D212
in BR. However, in Dunaniella ChR (DChR) one of the counterion charges is replaced
by a neutral alanine without disrupting the channel function [26]. The primary proton
donor in BR (D96) is replaced by histidine, alanine or lysine residues in ChRs (H134 in
C2) [18, 72, 76]. Interestingly, ChR sequences feature a number of charged residues in
helix two, that appear with a seven-helix periodicity (see amino acids highlighted in red
in Figure 3.3) [75]. The side chains of these residues are supposed to face to the inside of
the protein and to be involved in ion binding/transport [75]. But, in the phylogenetically
more distant Mesostigma ChR (MChR) only three out of six charges are conserved.
Early structural models were obtained by homology modeling using the available crys-
tal structures for BR and Anabena sensory rhodopsin as templates. These models were
well-suited to describe the retinal binding pocket of ChRs but were underdetermined for
the first two helices and the loop regions. Only recently, direct structural informations
were gained from experiments on ChR crystals. First, Mu¨ller and coworkers solved the
C2 structure at 6 A˚ by electron microscopy [77]. This first structure confirmed that ChRs
form dimers as had been earlier concluded from biochemical studies. Furthermore, it
showed the existence of seven transmembrane helices with helices three and four being
located at the dimer interface [77]. However, the resolution was too low to position single
amino acids.
Only in 2012, Kato et al. published the X-ray structure of a dark-adapted ChR at 2.3 A˚
[74]. They crystallized the C1C2 chimera consisting of the first five helices of C1 and
the last two helices of C2 that had been previously described by others [78, 79, 80]. The
high-resolution structure shows dimers built of cysteine-brigded protomers. Respective
disulphide bonds are formed by C66, C73 and C75 (C27, C34 and C36 in C2) located
N-terminally of the first helix (Figure 3.4A) [74]. When compared to BR, the C1C2
structure differs in the conformations of helices one, two and seven which are proposed
to be involved in cation channeling [74]. Also, the amino acids of the counterion complex
are differentially localized. In the closed channel conformation distances between the
Schiff-base nitrogen and the carboxy groups of E162 and D292 (E123 and D253 in C2)
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C1    MSRRPWLLALALAVALAAGSAGASTGSDATVPVATQDGPDYVFHRAHERMLFQTSYTLENN 61 
V1    ---------------MDYPVARSLIVR---------------------------YPTDLGN 19 
C2    ---------------MDYGGALSAVG---------------------RELLFVTNPVVVN- 24 
BR    ------------------------------------------------------------- 
    TM1      TM2 
C1    GSVICIPNNGQCFCLAWLKSNGTNAEKLAANILQWITFALSALCLMFYGYQTWK--STCGW 120 
V1    GTVCMPRG--QCYCEGWLRSRGTSIEKTIAITLQWVVFALSVACLGWYAYQAWR--ATCGW 76 
C2    GSVLVPED--QCYCAGWIESRGTNGAQTASNVLQWLAAGFSILLLMFYAYQTWK--STCGW 81 
BR    ----------------QAQITGRP-EWIWLALGTALMGLGTLYFLVKGMGVSDPDAKKFYA 45 
            TM3 
C1    EEIYVATIEMIKFIIEYFHEFDEPAVIYS-SNGNKTVWLRYAEWLLTCPVILIHLSNLTGL 180 
V1    EEVYVALIEMMKSIIEAFHEFDSPATLWL-SSGNGVVWMRYGEWLLTCPVLLIHLSNLTGL 136 
C2    EEIYVCAIEMVKVILEFFFEFKNPSMLYL-ATGHRVQWLRYAEWLLTCPVILIHLSNLTGL 141 
BR    ITTLVPAIAFTMYLSMLL--GYGLTMVPFGGEQNPIYWARYADWLFTTPLLLLDLALLV-- 101 
     TM4     TM5 
C1    ANDYNKRTMGLLVSDIGTIVWGTTAALS-K-GYVRVIFFLMGLCYGIYTFFNAAKVYIEAY 239 
V1    KDDYSKRTMGLLVSDVGCIVWGATSAMC-T-GWTKILFFLISLSYGMYTYFHAAKVYIEAF 195 
C2    SNDYSRRTMGLLVSDIGTIVWGATSAMA-T-GYVKVIFFCLGLCYGANTFFHAAKAYIEGY 200 
BR    D-ADQGTILALVGADGIMIGTGLVGALTKVYS-YRFVWWAISTAAMLYILYVLFFGFTSKA 161 
      TM6        TM7 
C1    HTVPKGICRDLVRYLAWLYFCSWAMFPVLFLLGPEGFGHINQFNSAIAHAILDLASKNAWS 300 
V1    HTVPKGICRELVRVMAWTFFVAWGMFPVLFLLGTEGFGHISPYGSAIGHSILDLIAKNMWG 256 
C2    HTVPKGRCRQVVTGMAWLFFVSWGMFPILFILGPEGFGVLSVYGSTVGHTIIDLMSKNCWG 261 
BR    ESMRP-EVASTFKVLRNVTVVLWSAYPVVWLIGSEGAGIVPLNIETLLFMVLDVSAKVGFG 221 
 
C1    MMGHFLRVKIHEHILLYGDIRKKQKVNVAGQEMEVETMVHEEDDET-------------- 346 
V1    VLGNYLRVKIHEHILLYGDIRKKQKITIAGQEMEVETLVAEEEDDTVKQSTAKYASRPRT 316 
C2    LLGHYLRVLIHEHILIHGDIRKTTKLNIGGTEIEVETLVEDEAEAGAV------------ 309 
BR    LILLRS-RAIFGEAEAPEPSAGDGAAATSD------------------------------ 250 
Figure 3.3.: Amino acid alignment based on the crystal structure of a ChR chimera by Kato et al. [74].
The sequences of the channelrhodopsins C1, V1 and C2 are aligned to the BR sequence. Helical structures
(corresponding to the Kato structure) are colored in light blue, β-sheet-like motifs are depicted in yellow.
Characteristic charged residues in helix 2 are highlighted in red color, other important ChR residues are
colored in purple. Additionally, proton donor, proton acceptor, Schiff base lysine and counterion complex
residues in BR and their corresponding residues in ChRs are shown in dark green.
are 3.4 A˚ and 3.0 A˚ [74]. In contrast to BR, the nearest water molecule in C1C2 is more
distal (4.4 A˚) than the respective carboxy groups. Moreover, theoretical calculations
of pKa values propose that E162 is protonated and D292 is deprotonated in the dark
suggesting that D292 functions as proton acceptor in C1C2 [74]. Kato et al. describe an
electronegative pore between helices one, two, three and seven with major contributions
from negative charged residues of helix two (Figure 3.4B). On the extracellular side
a water-filled vestibule with a diameter of 8 A˚ is framed by polar residues including
K154, K209 and R213 at the surface and R159, Y160, E274 and S284 further in the
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Figure 3.4.: Structural model of the C1C2 chimera after Kato et al. [74] (pdb:3UG9). The structure
depicts dark-adapted C1C2, thus the channel adopts a closed conformation. The first five helices origi-
nating from C1 are shown in pink and the last two helices from C2 are colored in light blue. The all-trans
retinal is highlighted in magenta. A Presentation of the entire protein including loop regions. The N-
terminal cysteine residues that built disulphide brigdes with the other protomer are labeled. B Closer
view on the transmembrane region. Cavities within the protein are depicted by grey wireframes. The
potential channel is framed by helices one, two, three and seven. The large cavity located extracellularly
of the Schiff base is blocked by two potential gates, the central gate (blue arrow) and the inner gate (red
arrow).
vestibule (C2 R115, T170, K174 and C2 R120, Y121, E235, S245, respectively) [74].
Additional twelve polar amino acids are located at the inner end of the vestibule. Close
to the retinal Schiff base the potential channel is blocked by S102, E129 and N297 (S63,
E90 and N258 in C2) that are interconnected by several hydrogen bonds and directly
interact with the counterions (Figure 3.4B blue arrow). A second constriction is given
by the side chain of Y109 (C2 Y70) at the intracellular protein surface [74] (Figure 3.4B
red arrow). Taken together, in the closed channel conformation cations may bind to the
hydrophilic extracellular side of the channel, but are hindered to pass to the intracellular
side by several residues. Notably, the Kato structure was available only after most of
the experiments presented in this thesis were started. A structural model depicting the
C1C2 structure and all amino acids relevant for this thesis, as well as the corresponding
residues in related ChRs is depicted on the fold-out on the very last page A.1.
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Figure 3.5.: Electrophysiological characterization of C2. A Green fluorescence of HEK cells transiently
expressing C2-eGFP. The fusion protein is targeted to the plasma membrane. B Photocurrent of C2
recorded by whole-cell voltage-clamp measurement at −60mV. The blue bar depicts the time of il-
lumination at 460 nm. The current trace exhibits a characteristic peak current Ip that inactivates to
a stationary current level Is. C A four-state model with two open states O1 and O2 and two closed
states Cd1 and Cd2 describes the electrophysiological properties of ChRs. O1 and O2 show distinct ion
selectivities and their equilibrium is influenced by the applied electrochemical gradient and the quality
of the activating light [84, 36, 85, 86].
3.4.2. Photocurrent properties
In order to examine light-induced ChR currents, ChRs are expressed in cultured adherent
cells e.g. human embryonic kidney (HEK) cells (Figure 3.5A). The expression level and
the ratio of membrane targeted protein thereby depend on the respective ChR variant
and correlate with their photocurrent amplitudes. In HEK cells both C2 and V2 show
high expression levels. In contrast, membrane expression of V1 and C1 are weak resulting
in low photocurrent amplitudes (see Table 3.3).
ChR-expressing cells allow for current measurements by whole-cell voltage clamp
recordings [81, 82]. Since single channel conductance is in the order of 40 fS at high
Na+ concentrations and −60mV (C2) [83], measurements of single-channel opening and
closing is not possible using classical electrophysiological methods. The measured pho-
tocurrents represent averages over many activated ChR molecules.
Figure 3.5B depicts a typical photocurrent trace for C2 measured at −60mV. When
activated by high-intensity blue light for 300ms the inward-directed photocurrent com-
prises a high peak current Ip that is reached within 200 s or even faster [18]. Ip gradu-
ally decreases to a stationary current level Is. The transition from Ip to Is is commonly
referred to as inactivation and results from channel desensitization as well as from dif-
ferent conductances of Ip and Is. After the light is turned off, the current level decays
biexponentially to baseline level with effective time constants of 10ms to 20ms for C2
depending on extra- and intracellular pH. When a second activating light pulse is ap-
plied after a short dark period, the initial peak current amplitude is not reached. Only
after a recovery period the initial current amplitude is regained [18, 84, 36]. The corre-
sponding recovery kinetics are accelerated at negative voltages and low pH [18]. Degree
of inactivation and kinetic parameters differ significantly between different ChRs and
strongly depend on experimental conditions such as light quality, voltage and pH. Table
3.3 compares some kinetic parameters of selected ChRs.
Photocurrents result from transport of diverse cations including protons, monovalent
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ChR expression level λmax /nm inactivation /% effective τoff /ms
in HEK cells pH 4 pH 7.5 (1− Is/Ip) pH 7.5
C1 + 500 470 32 23
C2 ++++ 460 460 72 21
V1 ++ 535 500 (pH 9) 38 77
V2 ++++ 465 465 / 25*
Table 3.3.: Comparison of basic properties of selected ChRs in HEK cells. The expression level is a
qualitative measure for the amount of protein targeted to the HEK cell membrane and is reflected by
photocurrent sizes [87]. Maxima of action spectra are compared at two different pH values [37, 38, 79,
88, 87]. Inactivation relates the stationary current size after 300ms illumination to the peak current
size [87]. Effective τoff values represent the time point when the current has decreased to 1/e of Is and
combines the time constants of the biexponential decay after 300ms of illumination [87]. *For V2 the
fast decay component after continuous illumination that was determined for a V1V2 chimera in Xenopus
oocytes is given as a reference value [36].
and divalent cations. Current amplitudes and direction depend on the applied electro-
chemical gradient indicating passive ion flux. The following order of decreasing relative
conductances has been described for C1, C2, V1 and V2: p(H+) >> p(Li+) > p(Na+) >
p(K+) > p(Ca+) [18, 36, 37, 80, 79, 86]. The relative proton conductance has been
estimated to be between 105 and 106 times higher than the corresponding Na+ conduc-
tivity [18, 80]. In contrast, K+ conductivity is in the same order of magnitude than
Na+ conductivity with p(K+)/p(Na+) ≈ 0.4 − 0.5 [18, 80]. Conductance of Ca2+ has
been indirectly shown by activation of Ca2+-activated Cl− channels in Xenopus oocytes
and directly by Ca2+ imaging using the fluorescent Ca2+ indicator Fura-2 [18, 80, 87].
The relative Ca2+ conductivity has been estimated to be 12% of the respective Na+
conductivity from changes in reversal potentials [80]. Small ion conductivities of other
divalent cations such as Sr2+ and Ba2+ have been reported whereas Zn2+ and Mg2+
transport has not been detected [18]. But, under physiological conditions only protons,
K+, Na+, Ca2+ and possibly Mg2+ contribute to the currents. Notably, the Dunaniella
ChR is highly selective for protons and other conductances have not been detected for
this ChR [26].
Berndt, Prigge et al. were the first who explicitly discrimated between C2 conductivity
of the initial current and C2 conductivity of the stationary current. They determined the
initial current I0 by linear extrapolation of Ip to t = 0 of illumination (see Figure 4.1B in
the methods part for details). By quantification of conductances from reversal potentials
they determined higher relative proton selectivities for Is than for I0. In contrast, the
relative Ca2+ conductivity was reduced for Is when compared to I0. To account for the
different selectivities of I0 and Is, the biexponential current decay after light application
and the pH-dependent recovery kinetics, two open states O1 and O2 and two closed
states Cd1 and Cd2 have been proposed [84, 36, 85, 86]. The reaction scheme combining
these four states is presented in Figure 3.5C. Dark-adapted ChR molecules populate
the Cd1 state and are transformed to the first open state O1 following the first light
activation. Therefore, the initial current I0 is only mediated by conductances via O1.
During prolonged illumination an equilibrium between the two open states is established.
Is is thus fed by conductances of both O1 and O2. After light is turned off, both closed
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Figure 3.6.: Action spectrum and photocycle of C2. A Normalized action spectrum of C2 as recorded
in HEK 293 cells. Maximal activation occurs at (460± 1) nm. B C2 photocycle model with the dark-
adapted D470 state that undergoes as number of photointermediates after photon absorption. The
conducting state appears on the time scale of the P390 and P520 photointermediates. The cycle can be
shortcut by activation of the P520 intermediate by green light. The photocycle can also be triggered
by blue-light activation of the P480b-state. Red arrows indicate proton release and proton uptake. The
model was adapted after Ritter et al. [89].
states are present. The recovery kinetics describes the transition from molecules in Cd2
to Cd1. All four states represent distinct ChR conformations, but direct structural
information is only available for dark-adapted C1C2, presumably representing the Cd1
state.
3.4.3. Activation and photocycle models
Figure 3.6A shows the action spectrum of C2 using 10ms actinic light pulses. The
spectrum is bathochromically shifted when compared to the absorption of free retinal
(opsin shift). It shows a characteristic maximum at ≈ 460 nm with a spectral half-
bandwidth of ≈ 100 nm. Similar to proteorhodopsins, natural-occuring ChRs also feature
color-tuned absorption. Whereas C1, C2 and V2 are maximally activated by blue light
of 470 nm, 460 nm and 465 nm, V1 shows red-shifted activation at 535 nm (see Table
3.3) [37, 38, 79, 87]. The C1 action spectrum is pH-dependent and shifts to 500 nm at
acidic pH [79]. In V1, the pH-dependent equilibrium displays higher pKa values than in
C1. Hence, at neutral pH V1 mostly adopts the red-shifted form with a minor shoulder
peaking at ≈ 480 nm [88, 38].
As in other microbial rhodopsins photon absorption triggers retinal isomerization in
ChRs. Subsequently, the activated protein undergoes a series of photointermediates that
have been intensively studied by various spectroscopic techniques including UV-vis, IR,
and Raman measurements on purified ChRs reconstituted in detergent solution or lipid
vesicles. Figure 3.6B illustrates a simple photocycle model for C2 after Ritter et al.
[89]. Blue-light absorption of dark-adapted C2 (D470) is followed by the conversion
to the first red-shifted photointermediate P500 [89]. This early intermediate occurs on
a sub-nanosecond timescale and is characterized by a non-planar retinal conformation
coupled to major rearrangements of the protein backbone [89, 90, 91]. Next, the retinal
Schiff base is deprotonated yielding the blue-shifted P390 state [92, 89]. The primary
proton acceptor is most likely C2 D253, because the side chain of the corresponding
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residue in C1C2 (D292) is closest to the Schiff-base nitrogen [74, 91]. The P390 state
is in equilibrium with the P520 state exhibiting a reprotonated Schiff base [92, 89].
Reprotonation may occur from D156 close to the retinylene chain [91]. While there
is general consensus about P520 being a conducting state, the involvement of P390 in
ion conductance remains controversal [93]. IR measurements suggest the opening of
the channel pore during a late P390 substate [91]. Channel closure goes along with
the transition from the P520 state to the non-conducting P480 states that biphasically
revert to the ground state [89]. Major conformational reorientations occur only in these
late P480 states in the second-time range. Interestingly, E90 is deprotonated in at least
one P480 substate and a transient hydrogen bond to N258 might be involved in channel
closure [94, 91]. There are several light-induced cross reactions in the photocycle. For
C2 wt a transition from the conducting P520 state to the ground state is triggered
by green light absorption [89]. Moreover, upon UV absorption the P390 state can be
photoconverted to a late photocycle intermediate as has been reported for the slow
C2 mutant C128T [95, 93]. Slow-cycling mutants are well-suited to study photocycle
reactions due to their highly prolonged occupancy of certain photointermediate states.
Retinal extraction and Raman measurements indicate a mixture of retinal isoforms
even for dark-adapted C2 (C128T) that has never been illuminated before. Dark-adapted
C2 exhibited between 22% to 40% 13-cis and 60% to 78% all-trans retinal [95, 96,
97]. The 13-cis to all-trans ratio increases upon illumination depending on the color
and duration of light application [95, 97]. Also, minor amounts of 11-cis and 9-cis
isoforms appear. Combining the retinal extraction experiments with IR spectroscopy,
Ritter et al. concluded that multiple retinal isomerization occur in parallel during the
photocycle. While all-trans, 15-anti as well as 13-cis, 15-syn retinal stabilize a saltbrigde
between the Schiff base and the counterion complex - thereby favoring closed channel
conformations - 13-cis, 15-anti and all-trans, 15-syn retinal could evoke the formation
of the conducting states [95, 97]. Moreover, it has been suggested that the Cd1 state
of the electrophysiological reaction scheme corresponds to the D470 state incorporating
all-trans, 15-anti retinal that converts to the O1 state (P520 with 13-cis, 15-anti) upon
light absorption. In line, D470 incorporating 13-cis, 15-syn and P520 featuring all-trans,
15-syn may represent the Cd2 and O2 states. The transition between the two cycles
with the conversion of cis, anti to trans, syn might happen during late P480 photocycle
intermediates [97]. The photocycle model presented by Ritter et al. explains both
electrophysiological and spectroscopic findings on a molecular basis.
3.4.4. Selected channelrhodopsin variants
The following section deals with selected ChR variants that are not only interesting for
deciphering the ChR mechanism, but are also relevant for ChR applications (see section
3.5.2). In general, variants have been created by site-directed mutagenesis (see Figure
A.1 for positions of mutated residues) and by the chimera approach combining helices
from different ChRs [78, 79, 80]. Recently, the genomic search for new ChRs extended
the palette of available variants.
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ChETA mutations: The residue corresponding to the primary proton acceptor BR
D85 is C2 E123 belonging to the counterion complex [18]. Replacement of E123 to A,
Q and T increases the Ip/Is ratio and leads to faster τoff values in the range of 5ms
(laser activation in Xenopus oocytes) to 15ms (continuous illumination in HEK cells)
[98, 87]. Moreover, the on-kinetics of E123T are accelerated by a factor of two when
compared to wt C2 [98]. Interestingly, E123T exhibits a reduced voltage-dependency
of the kinetics, allowing for fast photocycling even at depolarized membrane voltages
[99]. As a consequence, the ”ChETA” term stands for ”ChR2-E123T accelerated”, but
can be equally applied for E123A and for combination mutants [98]. As expected from
structural considerations, charge exchange in the counterion complex destabilizes the
positively charged Schiff base of the dark state thereby red-shifting the ChR activation
maximum. A closer insight into action spectra of ChETA mutants is given in sections
5.1.3 and 5.2.1. In addition to kinetic and spectral effects, E123 is also crucial for ion
selectivity and E123A has been reported to exhibit enhanced proton selectivity [100]. A
possible explanation is given by the close vicinity of E123 to the central gate residues
allowing for direct interactions [74].
C2 H134: Mutations at position H173 in C1 -the corresponding residue to the BR
proton donor D96- were already introduced by Nagel et al. [17]. Replacement by a
negatively charged aspartate yielded unfunctional C1, whereas C1 H173R and H173Y
were functional. Therefore, it was concluded that H173 does not act as proton donor
in C1 [17]. Moreover, the corresponding mutant C2 H134R was tested in oocytes and
HEK cells and was reported to exhibit reduced inactivation resulting in higher stationary
photocurrents [101, 80]. Low inactivation usually is accompanied by decelerated kinetics.
Lin et al. reported between 33% and 60% slower on-kinetics and between 32% and 34%
slower channel closure with overall τoff = 18ms for C2 H134R in their system. In the
C1C2 structure H173 points towards the potential intracellular channel pore and might
be part of the inner gate close to Y109 (see Figure 3.4) [74]. Accordingly, C2 H134
does not only influence channel kinetics, but also plays a role in ion selectivity. Both
C2 H134R and H134S display a high competition between proton and Na+ transport.
At acidic pH Na+-mediated currents are strongly inhibited by external protons in these
mutants [100]. Taken together, C2 H134R and related mutations are useful due to their
enhanced stationary photocurrents. The involvement of H134 in ion selectivity and
channel gating needs to be investigated in more detail.
Step-Function Opsins (SFOs): C2 C128 and C2 D156 were identified to strongly in-
fluence channel on- and off-kinetics. When C128 is replaced by alanine, serine and theo-
nine τoff values are 51 s, 106 s and 2 s after prolonged illumination in Xenopus oocytes
[102]. Similarly, D156A displays slow off-kinetics with time constants of τoff1 = 30 s
and τoff2 > 10min [103]. In BR and related proton pumps one charge is transported
per absorbed photon. In contrast, the number of charges transported in ChRs depends
on the opening time of single channels after photon absorption. Thus, the number of
charges per photon are highly increased in SFOs displaying three to four orders of mag-
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nitude longer opening times. This goes along with a higher light sensitivity of the SFO
variants. The light sensitivity of ChRs is generally defined as the light intensity that
accounts for half-saturating photocurrents. Both C128A and C128S show more than 300
times enhanced light sensitivity when responding to short light pulses [102].
Since the open state of C2 C128T is present on timescales easiliy accessible by spec-
troscopy, this mutant has been used to characterize the open states. In C2 C128T the
P390 state and the P520 state can be converted to a late non-conducting photocycle in-
termediate, supposedly P480, by UV and green light absorption, respectively [95]. Also,
in electrical measurements photocurrent decay after light off can be accelerated by UV or
visible illumination [102, 87]. Triggering the backreaction by green light results in accel-
erated channel closure in both C2 C128A and C2 C128S, but photocurrents do not reach
baseline level due to simultaneous activation of the dark state D470. Although driving
the backreaction with yellow light is not as effective as with green light resulting in
slower channel closing rates, yellow light does not activate SFOs and is thus best suited
to diminish SFO photocurrents [102]. Alternating blue and yellow light pulses allow
for bi-stable on and off-switching of SFOs. The SFO photocycle includes an additional
branch appearing after prolonged light activation [95]. The corresponding photoprod-
ucts P380 and P353 were suggested to bind retroretinal [95] or to implie transiently
hydrolysed retinal [104]. The ”branching” photoproducts are non-conducting and stable
over minutes, thereby reducing the SFO photocurrents during prolonged illumination.
Since C128 and D156 mutants exhibit similar light responses, a direct interaction
of the two residues e.g. by hydrogen bonding was suggested [103, 105]. Notably, the
corresponding residues in BR, T90 and D115 form a interhelical hydrogen bond [106].
However, in the C1C2 structure side chain atoms of C167 and D195 are more than 4 A˚
apart and C167 is orientated towards the retinal [74]. Recent structural calculations by
Watanabe et al. suggest indirect interaction of C2 C128 and D156 via an interjacent
water molecule [107]. Nevertheless, they provide evidence for a direct hydrogen bond
between the two residues in the C128T mutant [107]. Both kinds of interactions might be
interrupted in the double mutant C2 C128S D156A that does not exhibit channel closure
even 30min after light activation (stable SFO, also SSFO) [108]. As mentioned above,
D156 is a potential candidate for the primary proton donor in C2 [91]. The underlying
mechanism and the interacting residues remain to be determined.
C2 T159C: C2 T159, a residue in close vicinity to D156, has been mutated to cysteine,
the corresponding residue in V1 (see Figure 3.3). When expressed in Xenopus oocytes,
C2 T159C displays more than ten-fold increased stationary photocurrent amplitudes
compared to wt C2 [99]. In HEK cells, photocurrents were three-fold increased in our
hands [87]. Slower off-kinetics of the single mutant can be compensated by additional
introduction of the E123T mutation that leads to fast closure in the range of only 8ms
[99]. The double mutant C2 E123T T159C also features favorable properties such as
red-shifted absorption and voltage-indendence of the kinetics [99]. Ullrich et al. showed
that T159C exhibits superb retinal binding affinity providing higher protein stability,
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especially in the case of low retinal concentrations [109].
C2 L132C ”Catch”: The ”Calcium-transporting ChR” (Catch) has been generated by
mutation of C2 L132 to cysteine. The mutant displays 2.5-fold higher photocurrents in
HEK cells without altered single channel conductance [110]. Therefore, the enhanced
currents are considered to be caused by the slower off-kinetics and a slightly higher
expression level of the mutant. The decelerated kinetics imply a decreased inactivation
which is only (10± 6)% in our hands [87]. Moreover, the relative Ca2+ conductivity
of the mutant is increased by a factor of 1.6 compared to the wt [110]. Expressed in
hippocoampal neurons, Catch has been described to enhance the intracellular surface
potential, thereby depolarizing the membrane. In addition, Catch-mediated Ca2+ influx
activates neuronal BK channels [110]. In the C1C2 chimera the corresponding L171 is
located close to H173 (C2 H134), but faces away from the inner gate towards helices
four and five [74]. Thus, the molecular basis of the role of C2 L132 in ion selectivity is
not understood.
Chimeric ChRs Chimeric ChRs combine helices from different ChRs with the aim of
unifying their properties such as expression level, photocurrent kinetics and absorption.
Due to wrong sequence information in the Volvox cDNA database, the first characterized
Volvox ChR was inadvertently composed of the first two helices of V1 and the latter
five from V2 [36, 38]. This V1V2 2-5 chimera exhibits V2-like properties, but shows a
characteristic proton-induced 10 nm red-shift that is not seen in wt V2 [38].
In 2009 three groups systematically created chimeric proteins of C1 and C2 and an-
alyzed the influence of selected helices [78, 79, 80]. All presented chimera possess the
N-terminal part of C1, while the C-terminal helices are replaced by the corresponding C2
helices. Notably, ChR chimera comprising N-terminal parts of V2 and C2 were found to
be unfunctional [88]. First, the different C1C2 chimera were tested for membrane target-
ing in different host systems. Wang et al. showed that chimera comprising the last five,
four or three helices of C2, namely C1C2 2-5, C1C2 3-4 and C1C2 4-3, show superior
membrane expression compared to both C1 and C2 in HEK cells [78]. Moreover, C1C2
3-4 and C1C2 5-2 display twofold higher photocurrents than C2 [78, 80]. C1C2 5-2 is of
special interest, because it combines high photocurrents with low inactivation of ≈ 30%
[78, 79, 80]. The C1C2 5-2 chimera - also referred to as ”ChEF” or simply ”C1C2” -
retains the pH-dependent spectral shift described for C1 [79, 88]. The exchange of C1C2
E87 by non-protonable glutamine stabilizes the red-shifted form even at neutral pH,
exhibiting maximal absorption at 515 nm [79]. Since E87 is situated at the extracellular
side of helix one, distant from the retinal binding pocket, the nature of this longe-range
interaction is not clear [74]. Lin et al. replaced I170, a residue next to the Catch position
and close to the inner gate, to valine. The resulting ”ChIEF” mutant displays strongly
accelerated off-kinetics with τoff between 10ms and 12ms depending on the duration
of the activating light pulse [80]. More recently, the Yawo group presented a similar
chimera that consists of C1 with replacement of helix six as well as the second half of
helix seven by the corresponding C2 sequences. This so-called ”channelrhodopsin-green
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receiver” (ChRGR) also exhibits high photocurrents evoked by green-light together with
low inactivation and relatively fast off-kinetics (≈ 4ms under their test conditions) [111].
In summary, the chimera approach is useful to understand the molecular determinants of
ChR properties [78] and allows for creation of enhanced ChR variants with high potential
for applications.
3.5. Optogenetic toolbox
Optogenetics is a fast-evolving method that combines genetic approaches with optical
technologies for manipulation and visualization of cellular processes. The ”optogenetics”
-term was first applied by Deisseroth et al. for optical experiments on specifically ”tar-
geted neurons and proteins [...] within intact, living neural circuits” [112]. A broader
definition given by Miesenbo¨ck implies any type of ”genetically targeted groups of cells
[...], often in the intact animal” as potential target for optical observation and manipu-
lation [113].
Application of optogenetics demands for photosensitive proteins, strategies to deliver
the respective genes into the cells of interest, technical means for targeted illumination
and readout systems to monitor the light-induced effects [114]. Gene delivery employs
transfection, viral transduction and the use of transgenic animals [114]. Illumination
strategies use modern microscopy techniques in combination with different light sources
such as LEDs and lasers. The present work focusses on the optimization of protein-based
optogenetic tools that will be introduced in the following.
3.5.1. Overview
Optogenetic tools can be subdivided into the group of sensor proteins and the group
of ”optogenetic actuators”, the latter comprising all proteins that influence cellular ac-
tivity following light application. Sensors imply mostly fluorescent proteins that alter
their fluorescent behavior upon changes in cellular properties. Sensor proteins might
respond to changes in membrane voltage and pH or sense the concentration of ions,
neurotransmitters or metabolites. Relevant tools for pH sensing are presented in section
3.5.4.
Complementary to the sensors, the diverse group of actuators implies photoreceptors
involved in enzymatic processes or signal transduction and proteins that alter mem-
brane properties such as voltage and electrochemical gradient. Representatives of the
first group include natural and modified light-activated membrane receptors that bind
specific G-proteins, thereby activating different signaling pathways [115, 116, 117]. More-
over, this group also comprises soluble photoreceptors e.g. LOV domains that couple
to effectors including DNA binding proteins and enzymes. These modular systems al-
low for diverse manipulation of cellular activity [118, 119, 120]. Photoinduced protein
dimerization has been used to study protein-protein interactions and for spatiotemporal
protein recruitment [121, 122, 123, 124, 125]. The group is supplemented by naturally
occuring light-activated enzymes e.g. the photoactivated adenylate cyclases that pro-
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duce the common second messenger cAMP [126, 127]. The second group is constituted
of microbial rhodopsins. Their use for membrane hyperpolarization/ depolarization is
described in detail in the following sections.
3.5.2. Membrane depolarization
Back in 1988, Khorana et al. showed that heterologously-expressed bovine rhodopsin
triggers light-induced inward currents in Xenopus oocytes [128]. The rhodopsin currents
were small and were not suitable to induce sustained membrane depolarization. First
attempts to depolarize plasmamembranes in order to trigger action potentials (APs)
were performed by Zemelman et al. that coexpressed the Drosophila rhodopsin NinaE
with arrestin-2 and the α-subunit of the cognate heterotrimeric G-protein [115]. Light
induced currents showed a characteristic peak after several seconds followed by inacti-
vation within ≈ 30 s [115]. In hippocampal neurons, currents could reliably evoke action
potentials, but the three-component system did not establish itself as a neuroscientific
tool due to difficult handling and poor time resolution.
Heterologously-expressed ChR allows for light-induced membrane depolarization by
proton, Na+ and Ca2+ influx [18]. In 2005, Boyden et al. showed that C2-induced
depolarization is sufficient to drive action potential firing in cultured hippocampal neu-
rons [129]. They used short blue-light pulses that precisely induced action potentials at
frequencies up to 30Hz. Moreover, they showed that supplementation of retinal is not
necessary, thus the retinal concentration in the cells and the medium is sufficient for
C2 functioning. In the following, C2 was used to elicit action potentials in acute brain
slices [130] where it was employed to induce synaptic plasticity and to map neuronal
circuits [131, 132]. Moreover, C2 activation triggered behavioral responses in chicken
embryos [133], in C. elegans [101] and in Drosophila larvae [134]. Subsequently, the
first C2-expressing transgenic mouseline was available [135]. Already in 2006, Bi et al.
showed that C2 activation in inner retinal neurons restores vision in mice suffering from
retina degeneration [136]. Other potentially clinical applications imply the treatment
of Parkinson’s disease [137] and restoration of hearing impairments [138]. Apart from
neuronal activation C2-mediated membrane depolarization has been applied to other
excitable cell types such as cardiomyocytes in zebrafish and mice [139, 140].
Although C2 has been successfully applied in many optogenetic experiments, it bears
several limitations. C2 exhibits a high degree of inactivation that was partially over-
come by introduction of the H134R mutation [101]. Since C2 H134R exhibits higher
stationary currents it allows for more robust depolarization especially to prolonged light
pulses [101, 80] and has therefore become the most commonly used depolarizing tool.
Introduction of the ChETA mutations allows for very fast spiking with high precision
[98]. The reduced photocurrent sizes of the fast-cycling mutant can be counterbalanced
by additional introduction of T159C that greatly enhances protein stability and thus ex-
pression level in neuronal cells [99]. Similar to the C2 E123T T159C variant the ChIEF
hybrid combines good expression and fast off-kinetics. In addition, ChIEF features low
inactivation [80]. Complementary to the fast-cycling mutants the SFO variants allow for
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long-time depolarization that can be switched on and off by single blue and yellow light
pulses [102, 108].
While ChR variants with variable kinetics and high expression levels are now available,
the fine-tuning of other parameters such as absorption maximum and ion selectivity is
more difficult. Color-tuned ChRs would be useful for several reasons. First of all, both
scattering and absorption of blue light in brain tissue is stronger than for red light
[141]. Typically, brain tissue features minimal absorption between 600 nm and 700 nm
due to overlapping spectra of water, fatty components, heme and other pigments [142].
Thus, red light penetrates deeper into tissue and shows less side effects such as local
tissue heating. Second, more advanced optogenetic experiments combining different
actuators or sensors demand for ChRs with distinct action spectra from the widely used
C2. Although V1 shows maximal activation at 535 nm and was shown to elicit action
potentials following orange light stimuli (589 nm), its employment has been limited due
to its low expression and poor membrane targeting in mammalian cells [37, 88]. Color-
tuned ChRs might be engineered by the chimera approach, by site-directed mutagenesis
of the retinal binding pocket and by search for new ChR genes in genomic databases
[78, 79, 80, 74, 98, 88, 72, 73, 26].
ChRs display low ion selectivity by conducting all kinds of small cations. Nevertheless,
an optimal ChR would be highly-selective for one defined substrate e.g. a Na+-selective
ChR would be used for depolarization, a Ca2+-selective ChR for synaptic activation and
a K+-selective one for AP inhibition. Several C2 point mutations have been described
to alter ion selectivity. The Catch mutant exhibits 1.6-fold higher Ca2+ selectivity and
E123A has been reported to feature higher relative proton conductance [110, 100]. How-
ever, highly-selective C2 variants are not at hand for cations other than protons. The
design of such variants demands for a thorough study of the channel pore and its putative
selectivity filter. Interestingly, DChR1 is a purely proton-selective variant, but has not
been tested for neuronal expression due to its low expression level in Xenopus oocytes
and HEK cells [26].
3.5.3. Membrane hyperpolarization
Contrarily to ChRs, activation of microbial proton and chloride pumps can hyperpo-
larize neuronal membranes, thereby reducing the probability of AP firing. In 2007, two
groups applied the light-driven chloride pump from Natronomonas pharaonis (NpHR) to
optically inhibit neuronal activity with milli-second temporal precision [143, 70]. NpHR
was functionally applied in acute brain slices and its activation in muscle or neuronal
cells elicited specific behaviors in worms in vivo [70]. Moreover, NpHR was successfully
combined with C2 using blue and yellow activating light [143, 70]. Following the first de-
scriptions, NpHR was used in many studies in vitro and in vivo including experiments on
zebrafish, rodents and non-human primates [144, 145, 146, 147]. Clinically-relevant stud-
ies included Parkinson’s and epilepsy models as well as vision restoration experiments
in rodents [137, 148, 149, 150].
Proton pumps can also serve for neuronal silencing. In a screen for potential neuronal
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silencers Chow et al. identified two suitable proton pumps with distinct action spectra
[151]. Archaerhodopsin-3 from Halorubrum sodomense (Arch) enables effective hyper-
polarization following yellow-green activation and is complemented by the proton pump
from the fungus Leptosphaeria maculans (Mac) exhibiting maximal activation with blue-
green light [151]. In cultured neurons, internal pH changes due to Arch activation were
smaller than 0.2 pH units and were estimated to be in the range of physiological pH
deviations [151]. Subsequently, the archaerhodopsin from the Halorubrum strain TP009
(ArchT) was reported to exhibit a three-fold enhanced light sensitivity when compared
to Arch [152]. Therefore, ArchT might allow for more effective inhibition, especially
in in vivo experiments. Mac and Arch variants offer an alternative way for membrane
hyperpolarization whenenver NpHR is not suited [153], e.g. when alteration of the cy-
tosolic/extracellular chloride concentration causes unwanted side effects.
3.5.4. pH sensing
Many fluorescent sensors exhibit a modular architecture coupling one or more sensor
domains to a circular-permutated fluorescent protein or a FRET pair. Upon binding of
the respective substrate to the sensor domain, a conformational change is transduced to
the respective FP, thereby changing its excitation or emission spectrum.
In contrast, pH imaging uses the intrinsique pH sensitivity of GFP derivatives. Wt
GFP exhibits two excitation maxima at 395 nm and 475 nm which correspond to the
two protonation states of Y66 of the GFP chromophore [154, 155, 156]. Miesenbo¨ck et
al. screened for GFP mutants with enhanced pH sensitivity and found two optimized
variants. Ecliptic pHluorin contains six amino acid replacements and reduces its fluo-
rescence excitation at 395 nm by a factor of ≈ 7 when the pH is lowered from pH 7.5
to pH 5.5 [156]. Ratiometric pHluorin (nine mutations) shows fluorescence reduction at
395 nm going along with fluorescence increase at 475 nm following pH reduction, thereby
allowing for ratiometric pH determination [156]. Since both variants reversibly change
their excitation spectra within < 20ms and feature pKa values between 6.5 and 7.2
[156], they are suited to detect changes in cytosolic pH and allow for distinction between
different cellular compartments. A brighter version of ecliptic pHluorin - so-called su-
perecliptic pHluorin - was obtained by introduction of two additional point mutations
and exhibited a characteristic pKa of 7.1 [157]. Complementary, the T-Sapphire variant
of GFP exhibits enhanced protein folding, a single excitation maximum at 399 nm and
a pKa of 4.9 [158]. Thus, this variant is suitable for detection of pH changes in acidic
compartments such as lysosomes.
In order to allow for multi-color imaging GFP-variants with distinct fluorescence spec-
tra are demanded. Screening of mutant libaries and genomic searches for new FPs yielded
many fluorescent protein variants that cover the entire visible range from blue to near-
infrared emission (for a review see [159]). Red-fluorescent proteins (RFPs) are especially
suited for combination with GFPs or with blue-light activated ChRs. pHRed is a ratio-
metric, pH-sensitive RFP that was developed by mutagenesis of the FP mKeima [160].
Excitation at 440 nm and 585 nm enables ratiometric pH determination with an apparent
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pKa of 6.5 [160]. pHRed has been applied to visualize cytosolic and mitochondrial pH
alterations [160]. An alternative pH-sensitive RFP is represented by the mStrawberry-
derivative pHTomato. This single wavelength indicator is maximally excited at 550 nm
and strongly reduces its fluorescence upon acidification featuring a pKa of 7.8 [161].
pHTomato has been applied in combination with the green-fluorescent Ca2+ indicator
GCamp3 and the channelrhodopsins C2 and V1 [161]. Both pHRed and pHTomato can
be activated by two-photon absorption and extend the palette of available pH indicators
[160, 161].
3.5.5. Targeting of optogenetic tools
Effective use of optogenetic tools requires their targeting to the cells of interest and
expression in the respective cellular compartment. Cellular targeting is accomplished
by different transfection methods e.g. viral delivery, lipofection or electroporation in
combination with cell-type specific promotors [162]. Conditional gene expression using
the Cre-Lox system and transgenic animals represent alternative ways of targeting as
extensively described for C2 [163, 164]. Activity-dependent expression using immediate
early gene promotors and retrograde neuronal labeling are examples of further sophisti-
cated targeting concepts [131]. While a variety of systems for cell-type specific expression
are available, only few examples for subcellular targeting of optogenetic tools have been
reported.
Surface expression of microbial rhodopsins: Photocurrents of microbial pumps and
channelrhodopsins directly correlate with the amount of protein targeted to the plasma
membrane. Gradinaru et al. systematically tested targeting sequences for enhancing
the surface expression of NpHR. N-terminal fusion of the signal peptide of the nicotinic
acetylcholine receptor in combination with the C-terminal ER export signal from a verte-
brate potassium channel yielded improved surface expression [137]. Correspondingly, the
resulting enhanced NpHR (eNpHR2.0) exhibited two-fold higher photocurrents in hip-
pocampal neurons [137]. C-terminal fusion of the trafficking signal from Kir2.1 further
enhanced plasmamembrane targeting in the ”state of the art” chloride pump eNpHR3.0
[165]. This variant features up to 20-fold higher currents than the initial NpHR thereby
allowing for membrane hyperpolarization of more than 100mV at moderate light inten-
sities [165]. All three targeting sequences have also been applied to optimize membrane
expression level of the green-absorbing channelrhodopsin V1, but only with moderate
success [88, 108].
Targeting to neuronal compartments: Subcellular neural activation enables the inves-
tigation of local depolarization independent of global AP firing. By C-terminal fusion
of the myosin-Va binding domain (MBD) of melanophylin to C2, C2 was preferentially
localized in the somatodendritic region and was excluded from the axon [166]. Photoex-
citability of axons expressing C2-MBD was reduced by a factor of six when compared
to axons expressing untargeted C2 [166]. In another study C2 was targeted to the
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Figure 3.7.: Overview of available sensor proteins targeted to synaptic vesicles. The original synap-
topHluorin was obtained by C-terminal fusion of pHLuorin to Vamp2/synaptobrevin [156]. Syphy,
SypHTomato and SyGCamp represent fusion proteins with synaptophysin [172, 161, 173, 174]. VGlut1-
pHluorin combines vesicular targeting with cell-type specificity [175].
postsynaptic side of glutamatergic synapses by C-terminal fusion of the PDZ binding
motif ETQV involved in NMDA receptor clustering [167]. Postsynaptically targeted C2
retained its ability to trigger action potentials in hippocampal neurons. C-terminal ad-
dition of the ankyrinG-binding loop of voltage-gated sodium channels localized C2 to the
axon initial segment (AIS) [168]. In cultured hippocampal neurons the AIS-targeted C2
generated low photocurrents and was only able to trigger APs when voltage-gated K+
channels were blocked [168]. The same targeting strategy was applied to localize C2 to a
specialized AIS-like structure in axonless amacrine cells of the mouse retina [169]. Tar-
geting of C2 or NpHR to the axonal membrane used N-terminal fusion to the ankyrinG
polypeptide and was combined with dendritic targeting of the respective other actuator
(NpHR or C2) by fusion with the postsynaptic density 95 (PSD-95) targeting motif [170].
In ganglion cells the described spacial separation of C2 and NpHR enabled differential
spatial and spectral photosensitivity, thereby generating center-surround antagonistic
receptive fields [170]. In brain slices and in vivo 3D laser-scanning photostimulation
might offer an alternative way to activate subcellular compartments without targeting
of the respective optogenetic tool [132, 171].
Targeting to synaptic vesicles: To study the processes underlying synaptic transmis-
sion, optogenetic tools directly targeted to synaptic vesicles are of great interest (see
Figure 3.7). Ecliptic pHluorin has been targeted to the lumen of presynaptic vesicles by
N-terminal fusion to VAMP-2/synaptobrevin, thereby allowing for vesicular pH deter-
mination [156]. The resulting synaptopHluorin has been successfully applied to study
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kinetics of vesicular recycling and vesicular acidification [176, 177]. An improved version
of synaptic pHluorin (Syphy) has been generated by introduction of super-ecliptic pHlu-
orin into the second lumenal loop of synaptophysin [172] and has been used to study
vesicle retrieval, synaptic plasticity and synapse development [178, 179, 180]. The same
molecular design was applicable for synaptic targeting of pHTomato [161]. SypHTomato
enabled combinational application with both GCamp3 and V1 [161]. A synaptic pH
indicator specific for glutamatergic neurons has been created by fusing super-ecliptic
pHluorin into the first lumenal loop of the vesicular glutamate transporter VGlut1 [175].
Complementary to synaptic pH markers, synaptoGCamp2 - a synaptic Ca2+ indicator
- has been obtained by fusion with synaptophysin and applied to evaluate the impact of
Ca2+ on synaptic strength [173, 179]. Accordingly, one of the latest versions of green-
fluorescent Ca2+ indicators, namely GCamp5, has been successfully targeted to the
synapse [174]. Although diverse synaptic sensors are available (Figure 3.7), presynaptic
targeting of optogenetic actuators has not yet been reported.
3.6. Synaptic processes
Chemical synapses constitute key structures involved in neuronal communication and
represent potential targets for subcellular application of optogenetics. In the following,
the basic processes underlying synaptic transmission are introduced.
Chemical synapses are junctions between two cellular membranes, usually the axonal
membrane of a neuron (presynaptic cell) and the dendritic membrane of a second neu-
ron (postsynaptic cell) where directional communication via neurotransmitter release
and reception takes place. At the presynaptic membrane neurotransmitter-containing
vesicles are docked to the so-called active zone (Figure 3.8 - 1). Vis-a`-vis, at the postsy-
naptic membrane specific neurotransmitter receptors are clustered. According to their
function receptors are classified into ionotropic receptors constituting ion channels, and
metabotropic receptors that activate intracellular signaling cascades by G-protein cou-
pling. Signaling from the presynaptic to the postsynaptic cell involves the following
steps (see Figure 3.8): Upon arrival of an action potential at the presynaptic terminal,
voltage-gated Ca2+ channels mediate Ca2+ influx. The local increase in Ca2+ concen-
tration is sensed by synaptotagmins and complexins and causes conformational changes
in the SNARE-complexes of docked vesicles thereby triggering vesicle exocytosis (as re-
viewed in [181]). Similarly, double C2 domain (Doc2) proteins are high-affinity Ca2+
sensors involved in spontaneous vesicle fusion [182]. Neurotransmitters are released into
the synaptic cleft and bind to specific postsynaptic receptors. Opening of postsynaptic
ion channels induces hyperpolarization (inhibitory postsynaptic currents) or depolar-
ization (excitatory postsynaptic currents) of the postsynaptic membrane depending on
the nature of neurotransmitters and receptors. Activated metabotropic receptors me-
diate slower cellular responses by activation/inhibition of important signaling proteins
including phospholipase C, protein kinase C, adenylyl cyclases and phosphodiesterases,
or by modulating activity of ionotropic receptors [183]. Neurotransmitter removal occurs
via diffusion, enzymatic digestion and neurotransmitter reuptake by presynaptic or glial
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Figure 3.8.: Basic steps in synaptic transmission (modified after [184]). 1 Upon arrival of an action
potential at the presynaptic terminal, voltage-gated Ca2+ channels mediate Ca2+ influx. 2 The increase
in the presynaptic Ca2+ concentration triggers membrane fusion of docked and primed vesicles (1) of the
active zone. Neurotransmitters e.g. glutamate are released into the synaptic cleft. 3 Neurotransmitter
binding to postsynaptic ionotropic receptors initiates postsynaptic currents. In the case of glutamate,
depolarizing, thus excitatory post-synaptic currents (EPSCs) are initiated. Neurotransmitters also acti-
vate metabotropic postsynaptic receptors that regulate postsynaptic signaling cascades e.g. by G-protein
activation. Finally, neurotransmitters are removed from the synaptic cleft by diffusion, enzymatic di-
gestion and/or neurotransmitter reuptake. Synaptic vesicles are recycled from the presynaptic plasma
membrane. 4 Vesicular ATPases acidify newly formed vesicles and the resulting electrochemical gradient
is used for glutamate uptake via vesicular glutamate transporters. Docking and priming of vesicles may
allow for another fusion event. Cav - voltage-gated Ca
2+ channel, NR - NMDA receptor, AR - AMPA
receptor, MR - metabotropic glutamate receptor, VA - V-type ATPase, VGlut - vesicular glutamate
transporter.
transporters. Afterwards, presynaptic vesicles are recycled, filled with neurotransmitters
and potentially docked again to the active zone.
3.6.1. Recycling of presynaptic vesicles
Synaptic vesicles are recycled from the presynaptic membrane by at least three differ-
ent mechanisms (reviewed in [185]). Clathrin-mediated endocytosis in combination with
fast uncoating constitutes the most common way of vesicle retrieval [186, 187]. After
burst of exocytic activity bulk endocytosis produces large vacuoles that are subsequently
converted to synaptic vesicles by a yet undeciphered mechanism [188]. The third way of
vesicle internalization - also referred to as kiss-and-run - includes a transient membrane-
vesicle fusion that allows for direct recycling of the vesicle without vesicular collapse
[189]. Independent of the regeneration pathway, the resulting vesicles are homogeneous
in size and feature a defined composition of synaptic proteins [185]. While synaptic
proteins such as synaptotagmin and synaptophysin occur in several tens of copies per
vesicle, only a dozen copies of neurotransmitter transporters and one or two copies of the
vacuolar-type ATPase (V-type ATPase) are present in a single vesicle [190]. Synaptic V-
type ATPases hydrolyze ATP to pump protons into synaptic vesicles, thereby acidifying
synaptic vesicles (Figure 3.8). The resulting proton motive force is used by specialized
transporters for neurotransmitter uptake. The uptake of glutamate - the most com-
monly used excitatory neurotransmitter in the central nervous system - is mediated by
30
3.6. Synaptic processes
glutamate transporters such as the mammalian isoforms VGlut1, VGlut2 and VGlut3
[191, 192, 193, 194]. VGlut-mediated glutamate uniport is driven by both the electrical
gradient over the vesicular membrane and δpH [195]. Moreover, glutamate transport is
enhanced by intravesicular chloride and is inhibited by high cytosolic chloride concen-
trations [196]. Other neurotransmitter transporters employ different transport modes
including proton-amine antiport (amines can be serotonin, adrenaline, noradorenaline,
histamine or dopamine) and chloride-GABA synport [195]. In glutamatergic hippocam-
pal synapses, the quantal size of excitatory postsynaptic currents (EPSCs) is unaltered
even after prolonged high-frequency stimulation, suggesting that glutamate uptake is
completed during vesicle recycling [197, 198]. While vesicle acidification was estimated
to exhibit time constants between 0.5 s and 5 s in cell culture, glutamate uptake displays
maximal rates in the range of 15 s [176, 198]. Thus, glutamate refilling is faster than re-
covery of EPSCs after vesicle depletion induced by high-frequency stimulation occuring
within 40 s [199, 198].
3.6.2. Vesicle pools and release probability
At single synapses vesicles can be classified into two functional pools [200]. The recycling
pool encompasses all vesicles that can be released following AP-induction [200, 180]. Out
of these vesicles the ready-releasable subfraction is rapidly released upon sporadic firing
and corresponds to vesicles docked to the active zone and primed for release, whereas
the remainder is recruited only following sustained activity [201, 202, 200]. The size
of the recycling pool directly correlates with the release probability of the individual
synapse, thus the number of vesicles released following one AP [201, 180]. In contrast,
the resting pool describes vesicles that do not participate in synaptic neurotransmitter
release. The fractions of the relative pool sizes depend on the developmental stages of
the neuronal tissue, the history of depolarizing events at the respective synapse as well
as type and size of synapses [180]. Pool partioning represents an important mean to
regulate synaptic strength at a level of individual synapses.
3.6.3. Motivation for presynaptic optogenetic manipulation
The presynaptic vesicle machinery plays a key role in maintenance and regulation of
synaptic transmission at chemical synapses. It has been intensively investigated by
biochemical studies, electron microscopy, fluorescence imaging and analysis of the cor-
responding postsynaptic electrical responses [203, 204, 205, 206, 156]. However, none of
the available methods enables temporally precise manipulation of the individual steps in
the vesicle cycle. Hence, biophysical studies analyzing the complex reaction sequences
are difficult to perform. Optogenetic manipulation is especially well-suited to trigger
reactions with high spatiotemporal resolution. Optogenetic activation of specific steps
in the vesicle cycle e.g. vesicle acidification, neurotransmitter uptake, vesicle docking
and priming or vesicle fusion may constitute a potent mean to analyze these processes.
Light control in combination with the available read-out techniques may not only be
used to temporally resolve the reaction sequences, but also to investigate the causalities
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of the complex reaction network. Presynaptic optogenetic experiments may thus allow
to analyze the energetic coupling of the underlying reactions e.g. what driving forces
are essential for vesicular neurotransmitter uptake or vesicle fusion. Moreover, it may
reveal molecular determinants for pool partioning and release propability at the level of
individual vesicles. Hence, an optogenetic interrogation of selected presynaptic processes
may facilitate to answer some open questions of synaptic information processing.
3.7. Objective of Research
The present study addresses three important questions of optogenetics. First, it deals
with the design and characterization of a high-efficiency channelrhodopsin that features
a distinct action spectrum when compared to the most commonly used optogenetic
actuator C2. Second, principles of ion selectivity and gating in ChRs are aimed to be
pointed out in both a qualitative and a quantitative manner. Third, the construction of
an optogenetic tool that photoactivates synaptic vesicle acidification is pursued.
In order to allow for efficient in vivo applications of ChRs a red-shifted ChR with a
high expression level would be favorable. A potent variant would enable combinational
experiments with C2 and GFP-based sensory proteins (see section 3.5.2). Moreover,
it may allow for deeper light penetration into the target tissue without increasing the
intensity of the actinic light. Such a red-shifted variant could be either obtained by
improved expression of the yellow-light absorbing V1 or by red-shifting the absorption
maxima of available high-expressing ChRs by mutation of the retinal binding pocket.
Alternatively, identification of new ChRs by screening genomic databases of green algae
originating from different habitats may reveal potential candidate proteins. Here, several
strategies for the optimization of a red-shifted ChR are followed. Resulting variants
are analyzed for expression strength and photocurrent properties. Subsequently, both
spectral and kinetic features are further fine-tuned offering potent candidates for two-
color optogenetic experiments.
Although ChRs have been characterized for more than ten years, few information
is available on the mechanisms that regulate ion selectivity of these channels. But,
only a detailed comprehension of the underlying structural elements may allow for the
design of cation-selective ChRs. In addition, knowlegde of the exact composition of ChR-
mediated photocurrents is essential to evaluate results of diverse ChR applications. Here,
key residues of the ion conduction pathway are systematically mutated and analyzed
for cation selectivity. Based on homology modeling and the recently available C1C2
structure, two potential channel gates that may act as selectivity filters are identified and
tested for their functional relevance. Apart from structural considerations, the present
work aims at understanding the kinetic parameters that determine ion transport and ion
competition. A special focus is laid on cation composition of the stationary photocurrent
that has not yet been quantitatively analyzed. The creation of an ion transport model
that quantitatively describes cation conductance of both early and late photocurrents
would allow for a better choice of the best-suited ChR for a certain application.
Targeting of optogenetic actuators to subcellular domains enables the control of mem-
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brane voltage and ion composition in specialized cellular compartments. Neurons are
subdivided into compartments with distinct functions in information transmission. Out
of these, the presynapse is a specialized region that converts temporal changes in mem-
brane voltage into chemical signals detectable for postsynaptic cells. Based on targeting
strategies applied for presynaptic sensors, the development of a presynaptic actuator
is pursued in the present work. The biophysical properties of the resulting fusion pro-
teins are analyzed by electrical recordings. Furthermore, the new tools are tested for
subcellular localization in cultured hippocampal neurons and are used for preliminary
experiments to monitor presynaptic processes. Eventually, subcellular optogenetics will
extend the repertoire of cellular manipulation experiments, thereby increasing the speci-
ficity of optogenetic interventions.
Taken together, this study combines mechanistic analysis of optogenetic actuators
with the design of new optogenetic tools, thus paving the way for broad applications of
light-activated proteins.
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Gene synthesis together with standard molecular biology techniques allow for the cre-
ation of plasmids that code for the genes of the respective proteins of interest. Modified
genes are generated by the use of molecular cloning and site-directed mutagenesis. Pro-
teins are heterologously expressed in HEK 293 cells, Cos cells and cultured hippocampal
neurons. Protein purification from Cos cells potentially enables spectroscopic analysis
of the photoactivated proteins (see supplementary method in section A.2 for the respec-
tive purification protocol). Photocurrent properties of microbial rhodopsins are tested
in electrophysiological measurements applying the whole-cell patch-clamp method in
combination with complex illumination protocols. While electrical recordings on HEK
293 cells serve for the mechanistic analysis of rhodopsin characteristics, measurements
on hippocampal neurons enable light-activated manipulation of neuron-specific behav-
iors. Recordings on self-projecting (”autaptic”) neurons are applied to examine both
spontaneous and evoked postsynaptic cellular responses. In order to investigate protein
expression levels and localization, rhodopsin-coupled fluorescent proteins are visualized
by fluorescence microscopy. Moreover, Fura-2 imaging allows for a comparative analysis
of intracellular Ca2+ concentrations. Finally, an enzyme-kinetic algorithm is applied to
quantitatively describe the data gained from ion-selectivity measurements.
4.1. Molecular biology
4.1.1. Reagents
The principal reagents used for E. coli culturing, DNA modification and plasmid prepa-
ration are summarized in Table 4.1.
reagent/ kit source
components of E. coli media Becton, Dickinson and Co.
(Le pont de claix, France)
salts, sugars, antibiotics, Sigma Aldrich
other chemicals (Hamburg, Germany) or
Carl Roth (Karlsruhe, Germany)
reprofast polymerase and reaction buffer Genaxxon Biosciences
(Ulm, Germany)
PfuTurbo DNA polymerase and DpnI enzyme Agilent Technologies
(Bo¨blingen, Germany)
restriction enzymes, ligase and corresponding Fisher Scientific GmbH
buffers (Schwerte, Germany)
customized primers Sigma Aldrich
(Hamburg, Germany)
PureYield Plasmid Maxiprep System Promega GmbH
(Mannheim, Germany)
NucleoSpin Plasmid and NucleoSpin Macherey-Nagel GmbH
Gel and PCR clean-up kit (Du¨ren, Germany)
Table 4.1.: Reagents used for molecular biology and their respective sources.
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4.1.2. Buffers
Commonly used media and buffers applied for regeneration of competent E. coli are
presented in Table 4.2.
solution components and concentration solvent pH
LB medium 10 g l−1 tryptone; 5 g l−1 yeast extract; ddH2O 7.5
10 g l−1 NaCl; only for plates: (NaOH)
15 g l−1 agar
SOB medium 20 g l−1 tryptone; 5.5 g l−1 yeast extract; ddH2O /
10mM NaCl; 10mM KCl; after auto-
claving: 10mM MgCl2; 10mM MgSO4;
TfbI 30mM KAc; 50mM MnCl2; ddH2O 5.8
100mM KCl; 15% glycerol (acetic acid)
TfbII 10mM Mops; 75mM CaCl2; ddH2O 7.0
10mM KCl; 15% glycerol (NaOH)
Table 4.2.: Composition of media and buffers employed for E. coli culturing. LB and SOB display
growth media. TfbI and TfbII represent buffers for preparation of chemocompetent E. coli cells.
4.1.3. Genes and vectors
Table 4.3 presents all template genes used for cloning.
gene vector origin references
Cop3 (C1) peCFP-N1 Satoshi Tsunoda [17]
Cop4 (hC2) peCFP-N1 Matthias Prigge [18]
Cop4 (hC2) pmCherry-N1 Matthias Prigge [18]
Cop4 (hC2) pMT4 Katja Stehfest [89]
hV1 peCFP-N1 self-made [37]
hV1 pLenti Karl Deisseroth (Stanford) [37]
V2 peGFP-N1 Matthias Prigge [38]
Arch3 peGFP-N1 addgene [151]
CvRh pGEM Suneel Kateriya (Delhi) /
NpHR pGEM Satoshi Tsunoda [207]
β-SU ATPase pUC57 synthesis (GeneScript) [208, 209, 210]
Syphy pLenti Benjamin Rost (Charite´) [172]
Table 4.3.: List of genes used for all future constructs. The ”h” indicates codon-optimization according
to human codon usage.
To visualize protein expression, fluorescent marker proteins derived from the green flu-
orescent protein (GFP) from Aequorea victoria were C-terminally fused to microbial
rhodopsins. In order to purify selected ChRs C-terminal affinity tags were employed
(see Table 4.4). Commonly used DNA vectors are summarized in Table 4.5.
4.1.4. Competent E. coli
XL1-blue cells were used for the enrichment of regular DNA plasmids. When demethy-
lated DNA was required the methylation-deficient E. coli strain JM-110 was utilized.
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fluorescent marker or tag application
eCFP labeling of green-light activated ChRs
eGFP labeling of light-activated pumps
eYFP labeling of ChRs for neuronal expression
mCherry labeling of blue-light activated ChRs
mKate labeling of proton pumps in synapses
pHluorin imaging of synaptic pH changes
1D4 protein purification from HEK or Cos cells
Table 4.4.: List of protein tags and their respective usage.
vector promotor resistence gene application
peGFP-N1 and derivatives CMV kanamycin HEK cell recordings
pMT4 AdMLP ampicillin protein purification
from HEK or Cos cells
pLenti hsynapsin ampicillin neuronal expression
Table 4.5.: List of commonly used vectors for expression of microbial rhodopsins in HEK 293 and Cos
cells, and primary hippocampal neurons. CMV - cytomegalovirus promotor, AdMLP - adenovirus major
late promotor, hsynapsin - human synapsin promotor.
In order to minimize recombination events in lentiviral constructs that exhibit long-
terminal repeats, we used Stbl3 cells (Life Technologies GmbH, Darmstadt, Germany)
for plasmid preparation.
Chemocompetent cells were prepared using the following protocol: A 50ml preculture
in SOB medium was inoculated from the respective E. coli glycerol stock. Cells were
grown at 37 ◦C and 190 rpm overnight. The main culture was started at an OD578 of
0.05 in a 200ml volume of SOB. Cells were harvested at a final density of 0.3-0.4. The
cell suspension was transferred to falcon tubes and cells were pelleted by centrifuga-
tion at 4 ◦C and 3000×g for 7min. Cells were resuspended in 15ml of TfbI buffer on
ice for 10min. After a second centrifugation at 3000×g for 5min and resuspension in
2ml of TfbII 110  l of cells were aliquoted in Eppendorf tubes and immediately shock
frozen in liquid nitrogen. Competent cells were stored at −80 ◦C until they were used
for transformation.
When a small amount of competent cells of a certain strain was sufficient, electro-
competent cells were used. Preparation of electrocompetent cells included the following
steps. First, 5ml of LB medium was inoculated from the respective E. coli cryostock
and incubated at 37 ◦C and 190 rpm overnight. The next day 100 l of the preculture
were transferred to 5ml fresh LB medium and cells were grown for another 2 h to 3 h.
Cells were pelleted in 2ml tubes at 8000×g and 4 ◦C for 30 s and washed three times
with 10% glycerol in ddH2O. After the final washing step the supernatant was discarded
and cells were stored at −80 ◦C or directly used for DNA transformation.
4.1.5. Transformation and DNA preparation
Transformation of DNA plasmids into chemocompetent E. coli was typically performed
with the heatshock method [211]. E. coli cells were thawed on ice and mixed with a
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0.1M CaCl2 solution in a 1:1 V/V ratio. Next, 0.5  l of purified DNA or up to 8 l
of modified DNA was added and the cell- DNA suspension was incubated on ice for
15min. Heat exposure at 42 ◦C for 2min was followed by another 5min incubation on
ice. Then, 600 l LB medium was added and samples were shaken at 37 ◦C and 700 rpm
for 45min. Cells were pelleted by centrifugation at 8000×g for 1min, resuspended in
50  l LB and plated on LB agar plates containing the corresponding antibiotic to select
for plasmid-containing E. coli colonies. Antibiotic concentrations were 30 gml−1 and
100  gml−1 for kanamycin and ampicillin, respectively. Plates were incubated at 37 ◦C
overnight.
DNA was transformed into electrocompetent E. coli using the following protocol: Cells
were thawed on ice and mixed with 50 ng to 100 ng of plasmid DNA. After 1min on ice
the cell- DNA suspension was transferred to the electroshock cuvette and a short voltage
pulse of 1500V at 150  was applied. Immediately, 500l of LB medium was added and
cells were incubated at 37 ◦C and 700 rpm for 1 h. Then, cells were plated as described
above.
The next day, colonies were selected for inoculation of 4ml LB medium containing
the corresponding antibiotic. Cells were grown at 37 ◦C and 190 rpm overnight. DNA
was purified following the protocol of NucleoSpin Plasmid and DNA concentration was
determined by absorbance measurement at 230 nm, 260 nm and 280 nm using a spec-
trophotometer (Eppendorf biophotometer plus, Hamburg, Germany). Purified DNA
was stored at −20 ◦C. When large amounts of plasmid DNA were required, DNA was
purified from 200ml E. coli cultures using the PureYield Plasmid Maxiprep System.
4.1.6. DNA cloning
All wt proteins were cloned into the target vectors by PCR amplification followed by
enzyme digestion and ligation. Chimeric ChRs were generated using overlapping PCR
[212]. The standard PCR mixture is summarized in Table 4.6.
PCR was performed in a thermocycler (Biometra biomedizinische Analytik GmBH, Go¨t-
tingen, Germany) applying the following temperature steps:
1. 2min at 95 ◦C
2. 1min at 95 ◦C
3. 30 s at 60 ◦C
4. 1min kb−1 at 72 ◦C (30 repetitions of steps 2-4)
5. 2min at 72 ◦C
DNA fragments amplified by PCR were then loaded on a 1% to 1.5% m/V agarose
gel containing 0.5 gml−1 ethidium bromide. DNA fragments were separated by gel
electrophoresis at 120V for 30min. DNA bands were visualized by ethidium bromide
fluorescence and purified from the gel applying the standard protocol of NucleoSpin Gel
and PCR clean-up. The obtained DNA concentration was determined by absorbance
measurement at 230 nm, 260 nm and 280 nm using a spectrophotometer (Eppendorf bio-
photometer plus). The target vector and the PCR product were digested by compatible
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step volume component concentration
PCR 5 l Reprofast reaction buffer 10 x
5  l dNTPs 2 M
2  l template plasmid 25 ng  l−1
5  l primer pair 10  M
1  l Reprofast polymerase 5U  l−1
32  l ddH2O
enzyme 2  l Fast digest buffer 10 x
digestion 1.5  g vector DNA or PCR product
1  l restriction enzyme 10U  l−1
1  l Fast AP1 1U  l−1
to 20  l ddH2O
DNA 2  l ligation buffer 10 x
ligation 50 ng vector DNA
x ng PCR product (insert) molecular ratio 3:1; insert:vector
1  l T4 DNA ligase 5 Weiss U  l−1
to 20  l ddH2O
Table 4.6.: Standard preparations for basic steps in cloning including PCR, enzyme digestion and
ligation of DNA fragments.
restriction enzymes for 30min at 37 ◦C as summarized in Table 4.6. Enzymes were inac-
tivated for 5min at 80 ◦C. Next, vector digestion was verified by gel electrophoresis and
all fragments were purified using the NucleoSpin Gel and PCR clean-up kit. The ligation
mixture was prepared as listed in Table 4.6 and incubated for 1 h at room temperature.
Finally, 8  l of ligated DNA was transformed into competent E. coli and purified as
described in 4.1.5. In order to validate correct ligation, 3 l of each DNA sample was di-
gested by the formerly used enzymes, separated by gel electrophoresis and visualized by
ethidium bromide fluorescence. Positive DNA samples showed a characteristic band at
the size of the introduced DNA segment. DNA sequences were checked by DNA sequenc-
ing services (Martin Meixner, Berlin; GATC Biotech AG, Konstanz or LGC genomics
GmbH, Berlin, Germany).
4.1.7. Site-directed mutagenesis
Point mutations were introduced following the QuikChange protocol (Agilent Technolo-
gies, Bo¨blingen, Germany). Therefore, a matching primer pair was rationally designed
and Tm values were checked with the Gentle software. The PCR mixture was prepared
as depicted in Table 4.7. Amplification of the mutated plasmid was performed in a ther-
mocycler (Biometra biomedizinische Analytik GmBH, Go¨ttingen, Germany) applying
the following temperature steps:
1. 30 s at 95 ◦C
2. 30 s at 95 ◦C
3. 1min at 55 ◦C
4. 12min at 68 ◦C (30 repetitions of steps 2-4)
5. 10min at 68 ◦C
1The Alkaline Phosphatase was only added to the enzyme digestion mixture of the target DNA vector.
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volume component concentration
5  l Pfu reaction buffer 10 x
5  l dNTPs 2  M
2  l template plasmid 40 ng l−1
1.25  l primer pair 10  M
1  l PfuTurbo hotstart DNA Polymerase 5U  l−1
35.75  l ddH2O
Table 4.7.: Standard recipe for PCR in site-directed mutagenesis.
The PCR products were analyzed by gel electrophoresis and visualized by ethidium
bromide fluorescence. Then, 0.5  l of DpnI enzyme was added to 20  l of amplified
DNA. After incubation at 37 ◦C for 1 h, 8  l DNA was directly transformed into E. coli.
Plasmids were prepared as described in 4.1.5 and sequenced to confirm the respective
mutations.
4.2. Cell culture
4.2.1. Materials and reagents
Sources of cell culture materials and reagents are given in Table 4.8.
material/ reagent/ kit source
tissue culture flasks and dishes TPP (Trasadingen , Switzerland)
cryotubes; roller flasks Greiner Bio-One (Frickenhausen, Germany)
glass coversplips Hecht Assistant (Sondheim, Germany)
HEK/Cos cell media and supplements Biochrom AG (Berlin, Germany)
media used for neuronal culture Gibco/Life Technologies GmbH
TripLE Express, Lipofectamine 2000, Life Technologies GmbH
antibiotics (Darmstadt, Germany)
Fugene HD Promega GmbH (Mannheim, Germany)
other chemicals Sigma Aldrich (Hamburg, Germany)
papain dissociation system Worthington (Lakewood, NJ, USA)
Table 4.8.: Materials and reagents used for cell-culture experiments and their respective sources.
4.2.2. HEK 293 cells
HEK 293 cells were grown at 37 ◦C and 5% CO2 in a sterile incubator. The standard
medium was Dulbecco’s MEM with stable glutamine that was supplemented with 10%
fetal calf serum (FCS) and 100  gml−1 penicillin/streptomycin. Cells were grown in
sterile tissue culture flasks with surface areas between 25 cm2 and 175 cm2 and splitted
twice a week. For this purpose, cells were washed with PBS and treated with 20  l/cm2
of TrypLE Express (1x) at 37 ◦C for 3min. The detached cells were resuspended in
3ml medium and pelleted by centrifugation at 25×g for 3min. The supernatant was
discarded and cells were resuspended in 5ml medium. The cell number was determined
using a Neubauer chamber. 4× 104 cells ml−1 medium were transferred to a new culture
flask. Cells were passaged up to 30 times.
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Freezing and unfreezing cycles: Low passage cells could be deep-frozen at −80 ◦C.
Prior to freezing 2× 106 cells in 1.5ml freezing medium were aliquoted in cryotubes. In
order to increase cell survival during freezing and thawing the freezing medium contained
20% FCS and 10% DMSO. Freezing was slowed down using a highly temperature-
isolated container. In contrast, cells were thawed as rapid as possible. Cryotubes were
heated up in a water bath at 37 ◦C, then transferred into 10ml medium containing 20%
FCS and pelleted by centrifugation at 25×g for 3min. The supernatant was discarded
and cells were seeded into T25 flasks containing 5ml medium with 20% FCS.
Measurement preparation: In preparation for electrophysiological measurements and
fluorescence imaging, two coverslips with a diameter of 15mm were transferred into a
3 cm culture dish. Next 1.5× 105 to 3× 105 cells in 2ml standard medium supplemented
with 1  M all-trans retinal were seeded into the dish. The following day cells were trans-
fected using Fugene HD. Prior to transfection 250 l of DMEM without additives was
mixed with 6 l transfection reagent and 2 ng plasmid DNA. The mixture was incubated
at room temperature for 20min and added drop by drop to the cells. Recordings were
performed 24 h to 60 h after the transfection procedure.
Stable cell line: Measurements on wt C2 were performed with a stable HEK cell line
expressing hC2-mVenus [103]. The cell line was maintained in standard medium sup-
plemented with 50  gml−1 blasticidin and 200 gml−1 zeocin. Protein expression was
induced by addition of 0.1  M tetracyclin.
4.2.3. Neuronal cultures
Preparation of hippocampal mass cultures for simple testing of ChRs was established
in the Hegemann laboratory. Protocols and know-how were supplied by Anke Schoen-
herr (AG Schmitz, Charite´), Benjamin Rost (AG Rosenmund, Charite´), Christian Herold
(now Cramer group, UC Berkeley) and the Deisseroth group (Stanford University). Neu-
rons on astrocyte microislands and hippocampal mass cultures for more sophisticated
measurements were prepared in the group of Christian Rosenmund in the Charite´ Berlin.
Required solutions for neuronal culturing are summarized in Table 4.9. A basic protocol
for isolation and seeding of hippocampal neurons is briefly described below.
Mass cultures: Coverslips with a diameter of 13mm were washed with HCl and
ethanol, flamed and transferred to 24-well dishes. After addition of 3.7  l coating solution
coverslips were dried and UV light sterilized for 1 h. Next, 1ml Neurobasal A medium
was added and dishes were preequilibrated in the cell culture incubator. Alternatively,
coverslips were coated with glia cells as described in [88]. Newborn BL-6 mice (day P0)
were provided by the FEM of the Charite´ Berlin. Mice were decapitated, brains were
removed and quickly transferred into ice-cold Earle’s Balanced Salt Solution (EBSS). In
the following, hippocampi were isolated, chopped into small pieces and collected in cold
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solution components and concentration solvent
coating solution 0.02% poly-D-lysine; ddH2O
2% collagen;
0.1% acetic acid (17mM)
Neurobasal A medium 2mM glutamax; Neurobasal A
2% B27 supplement;
100  gml−1 penicillin/streptomycin
growth-permissive 0.1mgml−1 poly-D-lysine; ddH2O
stamp solution 0.85mgml−1 collagen;
10mM acetic acid
astrocyte-growth 10% FCS; 10mM Glutamax; basal medium eagle
medium 0.2% penicillin/streptomycin;
10mM Hepes; 5mM glucose;
2.5  gml−1 insulin
Table 4.9.: Solutions and media required for preparation of neuronal cultures.
EBSS. Next, neurons were isolated using the Papain Dissociation System and 5× 104 to
2× 105 of isolated cells were seeded per coversplip.
Autaptic cultures: Microdot autaptic cultures [213, 214, 215] were prepared by An-
negret Felies in the group of Christian Rosenmund as described in [216]. Briefly, flamed
coverslips with a diameter of 30mm were coated with 0.15% agarose and dried for 48 h.
Then, coverslips were imprinted with microdots of the growth-permissive stamp solu-
tion using a custom-made stamp and sterilized with UV light. Astrocytes were isolated
from mice cortices and separated by trypsin treatment (0.25% for 10min at 37 ◦C) and
careful trituration. After trypsin removal astrocytes were plated at a final concentration
of 4× 104 cells cm−2 into T75 tissue flasks containing astrocyte growth medium. After
seven days astrocytes could be passaged and 5× 104 cells were seeded per microdoted
coverslip. Seven days later astrocyte medium was replaced by Neurobasal A medium.
Finally, 3× 103 hippocampal neurons were seeded per coverslip [216].
DNA delivery: Neurons were transduced using lentiviral particles. Lentivirus pro-
duction was performed by Bettina Brokowski in the Rosenmund group as described in
[217, 218]. Neurons were transduced 24 h to 72 h post-seeding and measurements took
place at days 14-18 of culturing. Alternatively, neurons were transfected using Lipofec-
tamine 2000 according to the supplier’s instruction manual.
4.3. Electrophysiology
Whole-cell patch clamp recordings [81, 82] on HEK 293 cells and hippocampal neurons
were performed as earlier described [219, 88, 220, 216]. When the voltage-clamp modus
is applied, the feedback circuitry of the patch-clamp amplifier enables the evaluation of
the current that is needed to clamp the plasma-membrane voltage to a given value [81].
Membrane capacitance and resistance are compensated by additional correction circuits.
By combining voltage-clamp measurements with temporally precise illumination pro-
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tocols, light-induced current flow over the entire plasma membrane can be determined
with millisecond-timing resolution. Different voltages and intra- and extracellular solu-
tions are tested to analyze the photocurrent dependency on the applied electrochemical
gradient. Similarly, illumination protocols testing different activation wavelengths and
intensities are used to determine the light response of the respective photoreceptors.
Inversely to voltage-clamp recordings, measurements in the current-clamp mode detect
changes in the plasma membrane voltage in the presence of a given membrane current.
These measurements are applied to analyze membrane depolarization or hyperpolariza-
tion following rhodopsin activation.
4.3.1. Measuring solutions
If not stated otherwise, all used chemicals were purchased from Sigma Aldrich (Ham-
burg, Germany) and Carl Roth (Karlsruhe, Germany). Salts used for preparation of
measuring solutions exhibited a purity degree of 99% or higher. External measuring
solutions were freshly prepared once a week and stored at 4 ◦C. Internal solutions were
aliquoted in Eppendorf tubes and kept frozen at −20 ◦C. For HEK cell recordings the
final osmolarities were 320mosm and 290mosm for extracellular and intracellular solu-
tions, respectively. The standard external and internal solutions were ”high Na+, pH
7.2”. If not stated otherwise (e.g. action spectra, current amplitudes), the standard
buffers were used. Composition of standard solutions is summarized in Table 4.10.
component / mM
name of solution NaCl KCl CsCl CaCl2 MgCl2 Hepes EGTA
external standard solution 140 1 1 2 2 10 /
”high Na+, pHe 7.2”
internal standard solution 110 1 1 2 2 10 10
”high Na+, pHi 7.2”
Table 4.10.: Standard measuring solutions for HEK cell recordings.
In order to quantifiy cation selectivity of different ChRs NaCl in the standard external
solution was replaced by salts of different monovalent and divalent cations (see Table
4.11). Conductivity of individual cations was determined at pH 9 and competition with
protons was measured at pH 7.2. The internal solution ”NMG, pHi 9.0” contained only
component / mM
name of solution NaCl KCl CsCl CaCl2 MgCl2 NMG Tris/ EGTA
Hepes
high Na+, pHe 9 140 1 1 2 2 / 10 /
NMG, pHe 9/7.2 1 1 1 2 2 140 10 /
20mM Ca2+, pHe 9 1 1 1 20 2 100 10 /
high Ca2+, pHe 9/7.2 1 1 1 70 2 / 10 /
20mM Mg2+, pHe 9 1 1 1 2 20 100 10 /
high Mg2+, pHe 9 1 1 1 2 70 / 10 /
NMG pHi 9 (internal) 1 1 1 2 2 110 10 10
Table 4.11.: Measuring solutions for cation selectivity experiments performed in HEK 293 cells.
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minor amounts of cations to minimize outward directed currents. Additional experi-
ments on HEK cells were dealing with Na+ vs. H+ competition. For these experiments,
different internal and external Na+ concentrations were tested at pH 9, 7.2 and 5. Fur-
thermore, the influence of internal Mg2+ was analyzed and Cs+ was tested as potentially
conducted cation. The measuring solutions used in these experiments are summarized
in Table 4.12.
component / mM
name of solution NaCl KCl CsCl CaCl2 MgCl2 NMG pH EGTA
buffer
high Na+, pHe 5 125 1 1 2 2 / 10 /
NMG, pHe 5 1 1 1 2 2 140 10 /
high Na+, pHi 5/9 95/110 1 1 2 2 / 10 10
NMG, pHi 7.2 1 1 1 2 2 110 10 10
20mM Mg2+, pHi 7.2 110 5 / 2 20 / 10 10
2mM Mg2+, pHi 7.2 110 5 / 2 2 / 10 10
0.2mM Mg2+, pHi 7.2 110 5 / 2 0.2 / 10 10
high Cs+, pHe 9 1 1 140 2 2 / 10 /
Table 4.12.: Additional measuring solutions used in HEK-cell experiments. The pH buffer was Tris-HCl
at pH 9.0, Hepes at pH 7.2 and 5mM trisodium citrate/ 5mM citric acid at pH 5.0. In order to avoid
Na+ in the NMG, pHe 5 solution, trisodium citrate was replaced by NMG.
For neuronal recordings measuring solutions mimicking physiological conditions were
used. Osmolarity of external and internal solutions was adjusted to 300mosm. Dur-
ing measurements cells were constantly perfused with external solution at a speed of
1mlmin−1 to 2mlmin−1 via a perfusion pencil with a diameter of 500 m. A fast
stepper in combination with a valvebank allowed for external solution exchange within
100ms. 3  M NBQX (Tocris, Ellisville, MO, USA) were applied to inhibit postsynaptic
AMPA receptors. Composition of solutions is shown in table 4.13.
component / mM
name of solution NaCl KCl CaCl2 MgCl2 glucose Hepes
NaCl, pHe 7.3 140 2.4 2 4 10 10
K-gluconate Na-GTP Mg-ATP Hepes EGTA CP PCK Uml−1
K-gluconate, pHi 7.3 146 0.3 4 17.8 1 12 50
Table 4.13.: Standard measuring solutions for neuronal recordings. CP- creatine phosphate, PCK-
phosphocreatine kinase.
4.3.2. Preparation
Pipettes: Patch pipettes were pulled from microhematocrit tubes (Karl Hecht, Ger-
many) or borosilicate tubes with filament (Science Products, Germany) using a P-97
puller (Sutter Instruments, Novato, CA, USA). Pipettes for HEK cell measurements
were fire-polished over a hot platinum wire. Prior to measurements pipettes were filled
with the respective intracellular buffer.
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Electrodes: AgCl coated Ag wires served as electrodes. Ag wires (AG-10T or AG-
25T, Science Products, Germany) were cut, roughended with sandpaper and oxidized
by application of 1V in 3M KCl. Diameters of plain wire were 640 m and 250  m for
bath and measuring electrodes, respectively. During measurements bath electrodes were
connected with the bath solutions via agar bridges filled with 140mM NaCl and 1%
agar.
HEK cells: Measuring chambers were custom-built by A. Laws (HU Berlin). Coverslips
overgrown with HEK cells were removed from cell culture dishes, washed and transferred
to the measuring chamber. The mounted chamber was quickly filled with the reference
extracellular solution (high Na+, pHe 7.2).
Neurons: Coverslips were broken into four to eight pieces and individually trans-
ferred to the measurement chamber filled with standard external neuron buffer. V-type
ATPases were inhibited by application of 1  M bafilomycin (Sigma Aldrich) for 2 h to
5 h prior to measurements.
4.3.3. Electrical and optical equipment
Four different setups were used to perform electrical recordings. Setups 1 to 3 were
mainly used for HEK cell recordings, but setup 2 could also be used for measurements
on hippocampal neurons. Measurements on autaptic neurons were performed in the
Rosenmund laboratory (Charite´ Berlin) on setup 4. Table 4.14 summarizes the main
components of each setup. The individual setups were mounted on vibration-cushioned
tables (Newport Spectra-Physics GmbH, Darmstadt, Germany). Faraday cages covered
with black plastic foil served as electrical and optical shielding. All electrical devices
were grounded. Water columns connected to the patch electrode served for application
of positive and negative pressure to achieve the whole-cell configuration.
4.3.4. Light sources and delivery
Setup 1: A Polychrome V system served as major light source. Therein light from a
150W Xenon Arc lamp is split into its constituent spectral colors using a galvanometer-
driven diffraction grating and monochromatic light is selected via a bandwidth-adjustable
slit. Wavelength, intensity and bandwidth were controlled via the TillVision software.
When no wavelength was selected, the resting position of the polychrome was set at
720 nm. A UV/Vis quartz fiber connected the Polychrome with an optical bench coupled
to the microscope. A fast shutter allowed for light triggering and prevented artifacts while
the Polychrome was approaching the selected wavelength. In order to maintain equal
photon flux at all wavelengths for action spectra recordings, a neutral filter wheel was
installed by Jonas Wietek (Hegemann group, HU Berlin). An additional 75W Xenon
Arc lamp was used to study multi-photon processes. Wavelengths were selected via
different bandpass filters, light onset was triggered using a shutter device and light was
combined with the Polychrome light using a 70%/30% reflection/transmission mirror.
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Setup 2: The Polychrome II differed from the Polychrome V in two aspects. First of all,
it implied a 75W Xenon Arc lamp yielding smaller light intensies. Second, wavelengths
could be directly selected by voltage.
Setup 3: This setup used a 75W Xenon Arc lamp combined with a shutter device.
Wavelengths were selected by microscope-inherent excitation filters and dichroic mirrors.
Setup 4: A mercury vapor lamp connected to a shutter was directly attached to the
microscope. Wavelengths were selected by excitation filters and dicroic mirrors in the
microscope. In imaging experiments, a LED system containing LEDs with maximal acti-
vation at 405 nm, 470 nm, 510 nm and 588 nm was used. LED intensities were adjustable
by an external control unit.
Photoreceptor activation and fluorescence intensity strongly depends on the intensity
and wavelength of the applied light. Therefore, light intensities and lamp alignments
were frequently controlled and optimized using an optometer (photodiode PD-93, control
component setup 1 setup 2 setup 3 setup 4
”Imaging” ”Polychrome 2” ”Ion selectivity” Charite´
amplifier EPC7 ELC-03XS Axopatch 200B Multiclamp 700B
(HEKA) (npi) (Molecular Dev.) (Molecular Devices)
DAC Digidata 1440A Digidata 1440A Digidata 1440A Digidata 1440A
(Molecular Devices)
micro- PatchStar PatchStar LM SM1 customized Piezo
manipulator (Scientifica) (Scientifica) (Luigs and Jena Tritor 100
Neumann) (Medizintechnische
Labore der Charite´)
inverted IX70 Axiovert 100TV Axiovert 35 IX51
microscope (Olympus) (Zeiss) (Zeiss) (Olympus)
light source Polychrome V Polychrome II 75W Xenon lamp mercury-vapor lamp
(TillPhotonics) (TillPhotonics) (Osram)
alternative 75W Xenon n.a. n.a. p-E2 LED system
light source lamp (Osram) (CoolLED)
shutter VS25; n.a. VS25 VS25
LS3T2-NL-100 (Uniblitz) (Uniblitz)
(Uniblitz)
shutter VCM-T132; n.a. custom-built; T132 Controler
driver VCM-D1 (Dr. R. Arndt) (Uniblitz)
(Uniblitz)
b\w camera AVT-BC-12 EcoLine TV7002 b\w camera n.a.
(AVT Horn) (ABUS) (Grundig electronic)
imaging Imago CCD n.a. n.a. iXon 897
camera (TillPhotonics) (Andor)
special circular filter n.a. n.a. perfusion ValveLink8.2
equipment NSND-3 (AutoMate Scientific);
(Newport) stepper SF-77B
(Warner)
Table 4.14.: Principal components of the different electrophysiology setups.
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unit P9710 and correction filter PD-9304RW, all Gigahertz-Optik GmbH, Tu¨rkenfeld,
Germany). Table 4.15 summarizes the most frequently used filter sets and the cor-
responding light intensities in the object plane. Diameters of illuminated areas were
determined with an object micrometer. Setups 1-3 used 40x oil objectives with numer-
ical apertures of 1.3 (Fluar and Achrostigmat, both Zeiss, Jena, Germany). Setup 4
implied a 20x fluorescent-optimized objective (Olympus, Hamburg, Germany).
4.3.5. Measuring protocols for HEK cells
Whole-cell recordings were performed in the voltage-clamp mode. Current signals were
amplified with EPC7, ELC-03XS or Axopatch 200B and digitized with Digidata1440A.
Data was sampled at 10 kHz to 50 kHz and filtered using a 2 kHz to 10 kHz low pass
filter. pClamp10 was used to control electrical and optical devices. At setup 1 TillVision
was used to trigger light sources.
setup excitation filter dicroic mirror emission filter light power excitation
or wavelength
1 (PV) (380± 15) nm 493/574 BP512/630 33mW/cm2 Fura
+ extra mirror
1 (PV) (440± 15) nm 493/574 BP512/630 430mW/cm2 eCFP
1 (PV) (540± 15) nm 493/574 BP512/630 440mW/cm2 mCherry
1 (Xenon) 450 nm 493/574 BP512/630 66mW/cm2 C2
+ extra mirror
1 (Xenon) 540 nm 493/574 BP512/630 66mW/cm2 C1V1
+ extra mirror
1 (PV) (510± 15) nm 440/520/590 BP465/537/623 490mW/cm2 eYFP
1 (PV) (460± 15) nm R30%/T70% / 190mW/cm2 C2
1 (PV) (460± 7) nm R30%/T70% / 57mW/cm2 C2
1 (PV) (490± 15) nm R30%/T70% / 170mW/cm2 ChETA
1 (PV) (490± 7) nm R30%/T70% / 54mW/cm2 ChETA
1 (PV) (520± 15) nm R30%/T70% / 130mW/cm2 C1V1
S220G
1 (PV) (520± 7) nm R30%/T70% / 43mW/cm2 C1V1
S220G
1 (PV) (560± 15) nm R30%/T70% / 120mW/cm2 C1V1
1 (PV) (560± 7) nm R30%/T70% / 37mW/cm2 C1V1
2 (PII) (480± 15) nm BS500 LP520 110mW/cm2 eGFP
2 (PII) (520± 15) nm BS543 BP550-650 87mW/cm2 mCherry
2 (PII) (420± 15) nm 440/540 BP 464/547 78mW/cm2 eCFP
2 (PII) (510± 15) nm 440/540 BP 464/547 80mW/cm2 eYFP
2 (PII) (470± 15) nm R80%/T20% / 100mW/cm2 C2
2 (PII) (470± 15) nm R80%/T20% / 100mW/cm2 C2
2 (PII) (560± 15) nm R80%/T20% / 63mW/cm2 C1V1
3 (Xenon) (470± 20) nm BS510 LP520 171mW/cm2 C2
3 (Xenon) (546± 15) nm BS580 LP590 68mW/cm2 C1V1
Table 4.15.: Most frequently used light sources in combination with used filter sets and examples for
common applications. PV- Polychrome V, PII- Polychrome II, BS- beamsplitter, BP- bandpass filter,
LP- longpass filter.
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In the following, important measuring protocols are described in detail.
Amplitude determination: Microbial rhodopsins were activated at the wavelength of
maximal absorption for 300ms. Applied voltages were −60mV for ChRs and 0mV
or 40mV for light-activated pumps. Amplitudes were measured at setup 1 using the
polychrome V illumination system at 100% and 7 nm.
Ion selectivity experiments: Current-voltage relationsships were recorded at setups 2
and 3. The time course of the applied voltage is summarized in Figure 4.1A. After
baseline recording at 0mV for about 100ms a voltage ramp to −50mV at a speed of
−250mVms−1 was applied. After a reverse ramp to 0mV and another baseline recording
for 100ms, the measuring voltage varying between −60mV and 40mV in 20mV steps
was applied for 1 s. After 200ms of equilibration at that voltage light was applied for
300ms. Finally, the voltage was clamped again at 0mV. Activation wavelengths corre-
sponded to the maximal absorption of the respective rhodopsin. Intersweep duration was
20 s. All measurements started while applying the external standard solution (precon-
trol). Buffers were exchanged by careful pipetting. Buffer exchange was repeated four
times and took approximately 60 s. If possible a postcontrol using standard conditions
was realized.
Action spectra: Action spectra were recorded at −60mV by light application for 10ms
using the Polychrome V system (setup 1). Spectra were recorded between 380 nm and
650 nm in 10 nm steps. Equal photon flux was adjusted to 7× 1023 s−1m−2 for all wave-
lengths using a neutral density filter wheel.
Inactivation spectra: Two-photon processes could be electrically adressed by inacti-
vation spectra recordings on slow ChR mutants. Membrane voltage was clamped at
200 pA
100 ms
t0
Is
460 nm
I0
200 ms
100 pA
-60 mV
0 mV
40 mV
50 mV
460 nm
A B
Figure 4.1.: Measuring protocol for IV curve and representative current trace
A- Schematic representation of measuring protocol for IV curves. Black traces represent
exemplary photocurrents for C2 L132C T159C, grey lines represent voltage protocol
and upper grey bar indicates the TTL pulse used to trigger the illumination shutter.
B- Photocurrent trace of C2 wt at −60mV. Both stationary current Is and initial
photocurrent I0 are indicated.
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−60mV and mutants were activated by their peak absorption wavelength for 80 s using
a shutter-controlled Xenon lamp (setup 1). After reaching a stationary current value ad-
ditonal light flashes from the Polychrome V unit were applied for 1 s each. Light flashes
covered the optical spectrum from 380 nm to 670 nm in 10 nm steps and were separated
by 1 s pauses. Photon flux was adjusted to 7× 1023 s−1m−2 for all wavelengths.
4.3.6. Protocols for neuron measurements
Whole-cell voltage clamp measurements were performed using the ELC-03XS or Mul-
ticlamp 700B amplifiers and Digidata 1440A (setups 2 and 4). Data was sampled at
10 kHz with the pClamp10 software. Shutter and perfusion system were controlled via
pClamp. Holding potential was −70mV if not stated otherwise.
Measurements of excitatory postsynaptic currents (EPSCs): Action potentials were
evoked by membrane depolarization to 0mV for 1ms. Stimulation frequency varied
between 0.1Hz and 1Hz. Pump activation was achieved by illumination with 540 nm or
590 nm light for various durations. Light intensity could by reduced to 25% or 50% with
neutral density filters. During paired-pulse measurements the second action potential
was triggered 40ms after the first action potential was evoked.
Recordings of miniature excitatory postsynaptic currents (mEPSCs): Prior to mEPSC
recordings a baseline was recorded for 30 s by application of 3  M 2,3-dihydroxy-6-nitro-
7-sulfamoyl-benzoquinoxaline-2,3-dione (NBQX). NBQX inhibits kainate and AMPA re-
ceptors and is used to block synaptic transmission at glutamatergic synapses. In order
to increase the signal to noise-ratio mEPSCs were recorded without resistance and ca-
pacitance compensation. Light was applied at an reduced intensity (25%) for various
durations.
4.4. Fluorescence microscopy
4.4.1. Ca2+ imaging
Preparation: Imaging was performed two days post-transfection. Therefore, medium
in culture dishes was replaced by 2ml fresh DMEM supplemented with 2  M Fura-
2-acetoxymethyl ester (Life Technologies GmbH, Darmstadt, Germany). After 30min
coverslips could be transferred to the measuring chamber. Standard solution used for
Fura-2 imaging was ”high Ca2+, pHe 7.2” (see table 4.11 for details).
Optics: Setup 1 (table 4.14) was used for Ca2+ imaging. Fura-2 was excited by 340 nm
and 380 nm light provided by the Polychrome V unit. Light intensity was reduced to
3.3mWcm−2 using a 10% neutral density filter. ChR activation light was provided by
a 75W Xenon Arc lamp regulated via a fast shutter. Wavelengths were selected using
bandpass filters at 450 nm and 560 nm yielding a light intensity of 66mWcm−2 at both
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wavelengths. An imago CCD camera (TillPhotonics, Gra¨felfing, Germany) was used for
fluorescence detection.
Software and protocol: All devices were controlled via the TillVision Software (TillPho-
tonics, Gra¨felfing, Germany). At first, overview pictures of Fura-2 fluorescence and
fluorescent proteins were taken. Next, isolated cells were chosen as regions of interest.
Untransfected cells served as negative controls. Fura-2 fluorescence was scanned every
2 s for 500ms. After baseline recording for 40 s, ChRs were activated for 10 s followed by
fluorescence scanning for another 180 s. Time responses of mean fluorescence intensities
were used for further analysis.
4.4.2. Confocal microscopy
Sample preparation: HEK cells were imaged two days post-transfection. Coverslips
were carefully washed and placed upside-down onto glass slides with a thickness of
0.14mm. A drop of PBS was added and preparations were sealed with nailpolish. Neu-
ronal preparations were washed with PBS and fixated applying 4% paraformaldehyde for
15min. Berit So¨hl-Kielczynski (Charite´ Berlin) performed immunofluorescence stainings
using primary anti-Map2 antibody (chemicon AB5542 by Merck Millipore, Darmstadt,
Germany) and primary anti-VGlut1 antibody (AB135302 by synaptic systems, Go¨ttin-
gen, Germany).
Recordings: All confocal microscopy pictures were taken in the group of Professor
Andreas Herrmann (HU Berlin) with help from Dr. Thomas Korte. Images were taken
on a confocal laser scanning microscope (FV1000 by Olympus, Hamburg, Germany)
using a 60x water objective with a numerical aperture of 1.2. Fluorescence excitation
was performed with diode lasers at 405 nm, 488 nm, 559 nm and 647 nm. Recordings
were controlled with the Fluoview software (Olympus).
4.5. Data analysis
4.5.1. Software
Electrophysiological and imaging data were analyzed using Clampfit 10.2 (Molecular de-
vices, Sunnyvale, CA, USA), TillVision (TillPhotonics, Gra¨felfing, Germany) and FV10-
ASW 2.0 Viewer (Olympus, Hamburg, Germany). Data from neuronal recordings were
examined with Axograph X (AxoGraph Scientific, Sydney, Australia). Further analy-
sis was performed with Microsoft Office Excel 2007 (Microsoft Corporation, Redmond,
WA, USA), SigmaPlot 11.0 (Systat Software GmbH, Erkrath, Germany) and Adobe
Illustrator CS5 (Adobe Systems, San Jose, CA, USA).
4.5.2. Data from recordings on HEK cells
All current traces were filtered using a 500Hz Gaussian low pass filter and baseline
correction was performed by current substraction before light onset.
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Amplitude determination: Stationary currents Is were extracted from mean currents
after 300ms illumination. Initial currents I0 were determined by linear extrapolation to
t0 where t0 corresponds to the time of TTL pulses initiating shutter opening (see Figure
4.1B for details).
Reversal potentials: A reversal potential describes the voltage where the inward and
outward directed currents through an ion channel are equal in size - there is no net
current flux.
I(Erev) = Iin + Iout = 0 (4.1)
Reversal potentials Erev were determined from I (E ) measurements by linear extrapola-
tion between the two voltages where the I (E ) plot intersects the current axis. When
Erev was greater than 40mV, the extrapolation was performed by using data points at
20mV and 40mV. Reversal potentials could be compared with the Nernst potential for
the respective cation [221].
ENernst = E
0 +
RT
zEF
ln
c(x)i
c(x)e
(4.2)
Action spectra: Peak photocurrents were determined at all wavelengths. When no
neutral filter wheel was used, spectra were corrected by division with the respective
photon count at each wavelength. Spectra were normalized to the peak current value.
Maxima of averaged action spectra were determined by fitting a five-parametric Weibull
function (see equation for details) with x0 representing the wavelength of the maximum.
The Weibull distribution is used instead of Gaussian or Lorentz distributions because it
allows for the description of asymetrically shaped action spectra.
y = y0 + a
(
c− 1
c
) 1−c
c
[
x− x0
b
+
(
c− 1
c
) 1
c
]c−1
exp
[
x−x0
b
+( c−1c )
1
c
]
+
c− 1
c
(4.3)
Kinetic parameters: Kinetics of channel opening (”on-kinetics”) and channel closing
(”off-kinetics”) were determined by fitting with mono- or biexponential curves. Inactiva-
tion describes the relaxation from I0 to Is with the time constant τinact. The extent of
inactivation xinact can be calculated according to equation 4.4 and τinact was determined
under assumption of monoexponential decay.
xinact =
I0 − Is
I0
(4.4)
4.5.3. Data from neuronal recordings
Data from neuronal recordings were mainly analyzed by Dr. Benjamin Rost (Charite´
Berlin).
EPSCs and paired pulse ratio: Peak amplitudes of EPSCs were determined at each
time point. For assignment of kinetic parameters in experiments using bafilomycin,
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baseline EPSC values before light onset were substracted and EPSC amplitudes were
normalized to their maximal value. Light-induced EPSC kinetics were monoexponen-
tially fitted. Paired pulse ratios were determined from two subsequent EPSC amplitudes
using the following formula:
RPP =
IEPSC2
IEPSC1
(4.5)
mEPSC determination: Current traces were prefiltered using a 1 kHz low-pass filter.
Baseline noise was determined using the traces recorded in NBQX. mEPSCs were de-
tected using a template with variable amplitude and specific kinetic parameters. Fre-
quency and amplitude of EPSCs were further analyzed.
4.5.4. Analysis of Fura-2 imaging data
For each region of interest the mean fluorescence intensity at 380 nm was analyzed in
time. Fluorescence values were normalized to the intensity before light onset yielding
F/F0 and ΔF/F0.
4.5.5. Statistics
All graphs show mean values with respective standard errors. In order to test for signifi-
cant differences between two sample groups, a Student’s t-test was performed. Significant
differences were marked with stars: ∗ p ≤ 0.05; ∗∗ p ≤ 0.01 and ∗ ∗ ∗ p ≤ 0.001.
4.5.6. Enzyme-kinetic model
Complete datasets from ion selectivity measurements were used for computation. Datasets
were selected based on the consistency between pre- and postcontrol at standard condi-
tions (high Na+, pHe 7.2). All current values were normalized on the initial current I0 at
−60mV at standard condition and adjusted to amplitude drifts between pre- and post-
control under assumption of a linear drift in time. All model calculation were performed
by Professor Dietrich Gradmann. The model algorithm can be found in the Appendix.
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5.1. Color-tuning in ChRs
Multi-color optogenetics demands a palette of optogenetic actuators with well-separated
action spectra. Therefore, it would be useful to have both blue-shifted ChR variants as
well as enhanced ChRs that are activated by yellow or red light. Here, two approaches
were followed in order to gain ChRs with shifted action spectra. First, site-directed
mutagenesis was performed on C2 with the aim of introducing a hypsochromic shift.
Second, the chimera approach [78, 80, 79] was applied to create a well-expressing ChR
with yellow absorption. The resulting C1V1 chimera - originally introduced by Matthias
Prigge - was subjected to further fine-tuning by additional mutagenesis. All constructs
were expressed in HEK 293 cells and tested in whole-cell patch clamp experiments. Most
importantly, action spectra were recorded and compared to the respective wt spectra.
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Figure 5.1.: Characterization of C2 mutants. A Structural model of C2 T159C based on the X-ray
crystal structure by Kato et al. [74]. The retinal chromophore ist shown in magenta. B Closer insight
into the retinal binding pocket of C2. The side chains of the amino acids that were mutated for color-
tuning are highlighted in blue. The aromatic residues Y121, W124 and F226 (helices three and six)
are in close vicinity to the polyene chain of the retinal, whereas G163 (main chain shown), T165 and
S166 (helix four) interact with the β-ionone ring. I131 of helix three and L254, M255, N258 and C259
of helix seven are positioned close to the retinal-Schiff base. Originally, mutants were designed without
knowlegde of the Kato structure. C and D Action spectra of C2 T165A and Y121F in comparison to wt
C2. The spectrum of C2 T165A shows a slight bathochromic shift (6 nm) when compared to the wt. E
Representative current trace of C2 T159C M255A. The double mutant displays high photocurrents with
slow off-kinetics. Interestingly, the stationary current even exceeds the initial current level at high light
intensities (100% and 15 nm). For a current trace for wt C2 recorded at identical conditions see Figure
3.5B.
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5.1.1. C2 mutants
Twelve mutations that potentially blueshift the C2 absorption were rationally designed.
The first round of mutations was based on work by Kim et al. (2008) on proteorhodopsin
[222]. Kim and coworkers identified twelve proteorhodopsin mutants that exhibited
hypsochromically shifted absorption spectra. Out of the responsible residues, four amino
acids are conserved in C2. The corresponding exchanges were introduced in C2, yielding
Y121F, W124G, G163D and F226N. Additionally, phenylalanine at postion 226 was also
replaced by tyrosin (F226Y) since the corresponding mutation in V1 (F221Y) had been
reported to introduce a 10 nm blue-shift [88]. While the three aromatic residues (Y121,
W124 and F226) are close to the polyene chain, G163 is interacting with the β- ionone
ring. Because the polarity of residues, that interact with the ring system, has a strong
influence on absorption properties [65], the neighboring polar amino acids T165 and S166
were exchanged by non-polar alanines. In the following, four mutations were introduced
close to the retinal Schiff base in helix 7. Since the exchanged amino acids are too distant
to directly interact with T159, these mutations were tested on the background of the
well-performing C2 T159C. Last, I131 was replaced by leucine and valine (I131L and
I131V). The corresponding mutation in C1C2, C1C2 L170V, which is also referred to
as ”ChIEF”, was reported to blue-shift the C1C2 spectrum [80]. The positions of the
exchanged residues in respect to the retinal chromophore are depicted in Figure 5.1B.
All mutants were transiently expressed in HEK 293 cells and tested for functionality.
C2 W124G, G163D and F226N did not show any photocurrents while the other mutants
exhibited peak currents between 200 pA and 2000 pA (see Table 5.1 for details). Subse-
quently, action spectra were recorded. Spectral Maxima of all mutants are summarized
in Table 5.1 and exemplary spectra for C2 T165A and C2 Y121F are shown in Figure
mutant λmax / nm I p / pA τoff / ms
C2 wt 460± 1 760± 140* 17± 2
C2 Y121F 460± 1 210± 40 16± 7
C2 W124G no current detectable
C2 I131L 461± 1 510± 100 20± 2
C2 I131V 462± 1 200± 40 16± 4
C2 G163D no current detectable
C2 T165A 466± 1 780± 150 19± 4
C2 S166A 465± 1 310± 80 22± 2
C2 F226Y 461± 1 290± 80 59± 9
C2 F226N no current detectable
C2 T159C 463± 1* 2340± 390* 18± 2
C2 T159C M255A 462± 1 600± 130 57± 4
C2 T159C L254F M255F 462± 1 2000± 290 260± 50
C2 T159C L254Y M255Y 461± 1 / 140± 30
C2 T159C N258S C259A 460± 1 / 49± 3
Table 5.1.: Comparison of C2 mutants for color-shift. Action spectra of C2 T165A and S166A are
red-shifted by 6 nm and 5 nm, respectively. Several mutants show considerably decelerated off-kinetics,
this is most pronounced for the triple mutants C2 T159C L254F M255F and C2 T159C L254Y M255Y.
Stars indicate values that were taken from [87] and were determined together with Dr. Matthias Prigge.
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5.1C and D. Against expectation, none of the C2 mutants showed a blue-shifted action
spectrum. Instead, action spectra of C2 T165A and S165A were slightly red-shifted.
This may suggest the replacement of threonine and serine by a water molecule in the
respective mutants. Off-kinetics were determined by monoexponential fitting of current
traces after the 10ms light pulse. C2 F226Y as well as all four mutations in the sev-
enth helix induced decelerated off-kinetics indicating a reduced rate in late photocycle
processes such as structural rearrangements and reprotonation. Interestingly, C2 T159C
M255A shows a very low inactivation (Figure 5.1E). At high light intensities the station-
ary photocurrent even exceeds the early peak current. Taken together, the generation
of a blue-shifted C2 mutant was not successful by the mutagenesis approach presented
here.
5.1.2. C1V1
The chimera approach was initally applied to combine the kinetic properties of C1 with
the higher expression level of C2 yielding different C1C2 chimera (see section 3.4.4)
[78, 80, 79]. Our group extended the approach to V1 and V2 [87, 88]. The major aim
was to generate a ChR with an action spectrum similar to V1 (or further red-shifted), but
with high photocurrents comparable to those of C2 or V2. Combinations of V1 and V2
helices only moderately increased the V1 expression level [87, 88]. But, these experiments
indicated that helix six and seven are crucial to maintain the absorption maximum of
V1. Consequently, Matthias Prigge designed chimera that combined N-terminal helices
of C1 and C-terminal helices of V1. The best variant consisted of the first two helices of
C1 V1
eCFP
cytosol
extracellular side
cytosol
extracellular side
N
C1 1-145 V1  146-351
FDEPATLWLSSGNGVVWMRYGEWLLTCPVL
C1 1-161 V1 162-351
FDEPAVIYSSNGNKTVWLRYAEWLLTCPVL
C1V1 AC1V1
C1V1 A
C1V1 B
A
B
C
Figure 5.2.: Design of the C1V1 chimera. A C1V1 is composed of the two N-terminal helices of
Chlamydomonas ChR1 (C1) and the subsequent five helices of Volvox ChR1 (V1). In most experiments
the enhanced cyan fluorescent protein (eCFP) was C-termially fused to C1V1. B There are two C1V1
variants, namely C1V1 A and C1V1 B, that differ in their linker region between helices two and three.
While C1V1 A consists of the first 145 amino acids of C1 and amino acids 146 to 351 of V1, the N-
terminal C1 part is extended in C1V1 B comprising amino acids 1 to 161 from C1 [87, 108]. C Structural
model of C1V1 based on the crystal structure of the C1C2 chimera (pdb:3UG9) [74].
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V1-eCFPA
C1-eCFPB
C1V1-eCFPC
Figure 5.3.: Comparison of expression level of V1 (A), C1 (B) and C1V1 A (C) in HEK293 cells.
Confocal images show cells using differential interference contrast (DIC) in comparison to the respective
eCFP fluorescence. All images were recorded using the same laser power and detector voltage. The
white scale bars correspond to 10  m.
C1 and the adjacent five helices of V1. This variant was called C1V1 A (see Figure 5.2A
for details). A chimera with a similar helix composition was presented by Ofer Yizhar
(Weizmann Institute, Israel). Subsequently, this variant was named C1V1 B. C1V1 A
and C1V1 B differ in the linker region between helices two and three. The amino acid
sequences of the respective linkers are depicted in Figure 5.2B. Since C1V1 A was de-
veloped in our group, most experiments shown here were performed using C1V1 A, but
should be valid for C1V1 B as well.
A fusion protein of C1V1 and eCFP was expressed in HEK 293 cells. The fluorescence
tag allowed for the localization and quantification of C1V1. Figure 5.3 shows confocal
fluorescence images of HEK cells expressing C1V1-eCFP and the parental proteins C1
and V1. C1V1 exhibits high levels of expressed protein and very good membrane target-
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Figure 5.4.: Basic characterization of C1V1. A Action spectra of C1V1, V1 and C2. Both C1V1
and V1 show maximal activation 536 nm. B Amplitudes of peak currents I p of C1V1 variants and wt
ChRs. ChRs were activated at 460 nm, 490 nm and 560 nm. C and D Current responses of C1V1 A to
prolonged illumination at different voltages (−60mV to 40mV) and to repetitive short flashes (10ms at
10Hz) applying −60mV. HEK cell measurements were performed at standard conditions. E C1V1-A
can trigger action potentials in hippocampal neurons. Light application for 200ms provokes a substantial
depolarization which increases network activity. The time to the first action potential depends on the
wavelength of the applied light and was 5ms, 61ms and 148ms at 530 nm, 600 nm and 620 nm for the
shown cell, respectively.
ing. Moreover, C1V1 shows an enhanced membrane expression when compared to both
C1 and V1. In the following, C1V1 was characterized by whole-cell patch-clamp record-
ings in order to analyze action spectra and photocurrent properties. When activated
by green light C1V1 shows ChR-characteristic photocurrents with an early peak current
that relaxes to a stationary current of reduced amplitude. Amplitude and direction of
the photocurrent depend on the applied membrane voltage (Figure 5.4C). Action spectra
of C2, C1V1 and V1 are depicted in Figure 5.4A. While C2 shows maximal activation
at 460 nm, action spectra of C1V1 and V1 peak at 536 nm. Spectra of C1V1 and V1
exhibit a pH-dependent shoulder at around 480 nm (data not shown) [88]. Furthermore,
peak-current amplitudes of the two C1V1 variants were analyzed and compared to wt
ChRs. At −60mV both C1V1 A and C1V1 B show robustly high current amplitudes
of (1280± 150) pA and (2650± 340) pA, respectively. C1V1 current amplitudes do not
only exceed C1 and V1 photocurrents, but are also larger than currents measured for C2
(P = 0.025 for C1V1 A and P < 0.001 for C1V1 B). Since C1V1 shows a lower degree of
inactivation than C2 ((36± 3)% vs (72± 16)%) [87], the difference in stationary pho-
tocurrent amplitudes would be even more pronounced. Figure 5.4D shows a photocurrent
trace of C1V1 following repetitive activation for 10ms at 10Hz. The trace does not only
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show the photocurrent decline to a stationary level after four or more light pulses, but
also displays the relatively slow off-kinetics of C1V1. The time constant of the closing
reaction of C1V1 after a 10ms light pulse was determined to be (110± 10)ms. Next,
C1V1 was functionally expressed in hippocampal neurons. C1V1 activation induces a
prolonged membrane depolarization and action potentials can be evoked using light of
530 nm, 600 nm and 620 nm. Nevertheless, the delay time to the first action potential
strongly depends on the used wavelength (Figure 5.4E). In summary, C1V1 shows high
expression levels in HEK cell membranes which is reflected by its high photocurrents.
Being maximally activated by green light, C1V1 retains the absorption properties of
V1 and can trigger action potentials in neurons at wavelength beyond 600 nm. When
compared to other ChRs, C1V1 exhibits relatively slow off-kinetics.
5.1.3. C1V1 mutants
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Figure 5.5.: Closer insights into the C1V1 structural model. The model is based on the C1C2 X-ray
structure (pdb:3UG9)[74]. A Side chains of relevant C1V1 positions that were mutated to fine-tune
C1V1 properties. For G197 the peptide backbone is depicted. While E162 and D292 are part of the
counterion complex, E122 is an important residue of the inner gate. V196, G197, G220 and L221 are in
close vicinity to the polyene chain and the β-ionone ring of the retinal (colored in magenta). B Central
gate residues and counterion complex of C1V1 as seen from the extracellular side. Mutations of selected
central gate residues are described in section 5.2.3.
In order to optimize and fine-tune the C1V1 properties a large screen of mutants
was performed in collaboration with Matthias Prigge. More than 100 single and double
mutants were tested for expression level, action spectrum and kinetic parameters. The
information gained from the mutant experiments did not only give rise to new variants,
but also revealed information about the molecular mechanism of C1V1. Here, only a
selection of six relevant mutants is presented.
In C1V1, the counterion complex comprises the conserved residues E162 and D292.
Replacement of C1V1 E162 yields functional mutants. It has been previously shown
that mutation of the corresponding E123 position in C2 shifts the absorption spectrum,
accelerates the photocycle and alters the ion selectivity [98][100]. The so-called ChETA
mutation E162T was introduced in C1V1. In addition, E122 (corresponding to E83 in
C2) - a residue of the ”inner gate” that indirectly interacts with the active site [223][74]
- was also mutated to threonine. Furthermore, G196 and V197 of helix four and S220
and L221 of helix five were mutated. These residues are in contact to the polyene chain
and the β-ionone ring of the retinal chromophore. The vicinity of G196 and V197 to
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Figure 5.6.: Further fine-tuning of C1V1 by mutagenesis. A Representative current traces of selected
C1V1 mutants at −60mV and standard conditions. If not stated otherwise the scalebars correspond
to 200 pA and 200ms. Notably, the mutants show varying degrees of inactivation and altered kinetics.
B Action spectra of the six mutants. C1V1 S220G exhibits a blue-shifted activation maximum while
C1V1 L221T is the most red-shifted variant. All mutant spectra show a shoulder at about 480 nm.
C Repetitive stimulation (10ms at 10Hz) of three mutants. C1V1 E122T E162T is the fastest C1V1
mutant.
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mutant λmax / nm I p / pA τoff / ms
C1V1 536± 1 1280± 150 110± 10
C1V1 E122T 542± 1 1020± 120 100± 10
C1V1 E162T 532± 1 680± 110 34± 4
C1V1 E122T E162T 535± 1 1190± 230 19± 1
C1V1 E122T V196I G197A 535± 1 1300± 190 65± 4
C1V1 S220G 524± 1 1580± 350 110± 20
C1V1 L221T 542± 1 490± 100 46± 3
Table 5.2.: Comparison of basic parameters of selected C1V1 mutants. Action spectra of C1V1 E122T
and C1V1 L221T show the most pronounced red-shift while C1V1 S220G is significantly blue-shifted.
C1V1 E122T E162T exhibits the fastest off-kinetics. Amplitudes of most mutants are similar to C1V1,
only C1V1 E162T and C1V1 L221T show reduced current sizes. M.P. equally contributed to all amplitude
determination experiments.
C198 (corresponding to T159 in C2) may suggest an kinetic effect of the introduced
mutations. S220G has been found to red-shift the C1C2 action spectrum [88]. The
neighboring residue L221 may also affect the absorption properties of the chromophore.
The mutants were tested in patch-clamp recordings on HEK cells. Whereas most mu-
tants exhibit current amplitudes comparable to C1V1, introduction of E162T and L221T
leads to reduction in current size (Table 5.2). Representative current traces are illus-
trated in Figure 5.6A. C1V1 E122T and C1V1 S220G display similar kinetic parameters
to C1V1 (see also Table 5.2). Interestingly, the relatively slow off-kinetics correlate with
the low degree of inactivation. All other mutants show accelerated off-kinetics. The
fastest C1V1 mutant is the C1V1 E122T E162T double mutant that features a charac-
teristic τoff value of (19± 1)ms. The different off-kinetics result in distinct responses to
repetitive light stimuli, as is displayed in Figure 5.6C. In the following, action spectra
were determined (Figure 5.6B) and compared to C1V1. While the ChETA mutation
only marginally blue-shifts the absorption, E122T causes a 6 nm bathochromic shift.
The same shift is achieved by the L221T mutation that introduces a polar residue close
to the ring system. But, combination of E122T and L221T does not further red-shift
the absorption (data not shown). By removal of the polar S220 next to L221, the C1V1
spectrum is hypsochromically shifted by 12 nm. The other mutations do not affect the
action spectrum. Maxima of action spectra, current amplitudes and τoff values for the
presented mutants are summarized in Table 5.2. Perspectives of the presented mutants
for optogenetic applications are given in the discussion section 6.1.
5.2. Gating and ion selectivity in ChRs
The following section deals with characteristic structural motifs of ChRs. These include
the conserved charged residues of helix two and the two gates - the inner and the central
gate - that were identified by Kato et al. [74]. In the end, a more general model of ion
selectivity will be presented. The model allows for quantification of ion contribution to
both early and stationary currents for different ChR variants.
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5.2.1. Conserved polar and charged residues
While helices three to seven are highly conserved among ChRs (more than 47% for all
ChRs in the protein databank) and other microbial rhodopsins (24% to 30%), helices
one and two of ChRs differ from other rhodopsins and exhibit characteristic sequence
patterns (see section 3.4.1). Both helices show a number of polar amino acids that exhibit
a seven amino-acid periodicity and were suggested to point into the protein interior [75].
In the second helix, a high number of charged residues is present [223]. Since charged
residues are uncommon in the membrane-spanning domains of proteins, these residues
were proposed to be implied in channel function. In C2 the charged residues in the
second helix are E82, E83, E90, K93, E97, E101 and K103 (see Figure 5.7A). K103 is
not conserved among ChRs and is not included in the present study. Additionally, E82
and E90 were intensively analyzed by Jonas Wietek and Andre´ Berndt in our group and
are not examined here [220, 100, 94]. Between E83 and E90 another polar amino acid
is found in the sequence, namely C87. Here, these charged and polar amino acids were
exchanged by site-directed mutagenesis and current amplitudes as well as action spectra
were determined. E123 was included in the study due to its close proximity to second
helix residues. All mutations were tested on the C2 T159C background that promotes
protein stability, retinal binding and exhibits increased current sizes [99, 109].
Figure 5.8A illustrates typical current traces of the tested single mutants at −60mV.
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Figure 5.7.: Characteristic structural motifs in C2. All C2 model structures are based on the C1C2
X-ray structure (pdb:3UG9)[74]. The all-trans retinal is highlighted in magenta. A Conserved polar and
charged residues of the second helix. All side chains point to the protein interior. B Important residues
of the proposed inner gate. While Y109 is orientated towards the inner gate in the C1C2 structure (here
shown in grey), the side chain of the corresponding Y70 points into the opposite direction in the C2
model. C Residues of the proposed central gate and the counterion complex. Both B and C depict
views from the intracellular side to the active site.
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Figure 5.8.: Replacement of characteristic polar and charged C2 residues. A Representative current
traces of C2 T159C and seven selected mutants at standard conditions and −60mV. If not stated oth-
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T159C, respectively. C Average peak currents at −60mV for C2 variants with single, double or triple
replacement of polar or charged amino acids.
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All mutants are functional and exhibit ChR-characteristic photocurrents. While C2
E123Q T159C shows the fastest off-kinetics, inactivation and channel closure are decel-
erated in C2 E101Q T159C. Peak-current amplitudes for each variant are presented in
Figure 5.8C. Except for C2 K93S T159C the introduced mutations reduce the average
current sizes. This might be caused by decreased protein stability or reduction of cation
conductance. Moreover, there is a cooperative effect. Single mutations reduce the cur-
rents by a factor of six or less, whereas the tested double and triple mutations reduce
the currents by a factor of 18 and 55, respectively. Since expression of the triple mutant
is still observable by fluorescence imaging (data not shown), the drastic reduction in
current amplitude might result from reduced cation conductance. Action spectra were
recorded for the tested mutants. Figure 5.8B illustrates the influence of single glutamate
removals on the respective action spectra. Introduction of E97Q or E101Q red-shifts
the C2 T159C action spectrum to (466± 1) nm, but the double mutant does not display
any further spectral shift (not shown). Notably, the spectrum of C2 E123Q T159C is
bathochromically shifted by 22 nm confirming the direct interaction of this residue with
the Schiff base. In contrast, C2 E83Q T159C does not alter the C2 spectrum and shows
maximal activation at (460± 1) nm (Jonas Wietek, personal communication).
5.2.2. Inner gate
Based on the C1C2 crystal structure Kato and coworkers proposed two gates that block
the ion conducting pathway in the closed channel conformation [74]. The central gate
blocks the extracellular entrance channel and is located close the counterion complex.
The inner gate is orientated towards the intracellular side and might be implied in cation
release. Kato et al. considered Y109 (C2 Y70) to be the essential residue of the inner
gate. Here, the neighboring residues in C2 E82, E83, H134 and H265 are regarded to
be part of the inner gate as well (see Figure 5.7B for positions in the C2 structure).
Moreover, the C2 structural model orientates Y70 to the lipid phase rather than into the
protein interior, which renders its involvement in C2 gating rather unlikely. E82, E83,
H134 and H265 have been previously described to alter protein folding and stability, ChR
kinetics, ion selectivity and color-tuning [17, 223, 100, 75, 87]. Furthermore, spectral
effects and ion selectivity of Y70, E82 and E83 were recently investigated by Jonas
Wietek. In the following, the influence of mutations at position H134 is further analyzed.
Thereby, special focus is placed on ion selectivity. The experiments were designed based
on previous studies by Andre´ Berndt.
The mutations H134R, H134N and H134S were introduced in C2 and mutants were
analyzed by patch-clamp recordings on HEK 293 cells. Figure 5.9A illustrates peak-
current amplitudes of the three mutants applying standard conditions. When compared
to wt C2, current sizes were reduced by a factor of 2.5, 3 and 11 for H134R, H134N and
H134S, respectively. Notably, the H134R mutant has been described to induce higher
stationary photocurrents in oocytes and HEK cells [101]. This discrepancy might be
partly explained by the lower inactivation of C2 H134R (32%) in comparison to wt C2
(72%) [80][87]. Action spectra and pH dependency of C2 H134R are very similar to the
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C pH dependency of C2 H134R. IV plot is shown for the stationary current Is.
wt properties (Figure 5.9B and C). Andre´ Berndt reported an altered proton and Na+
dependence for H134N [224]. In consequence, the cation conductance of this mutant was
examined in more detail. As seen from the individual current traces at three extracellular
conditions (Figure 5.10A), C2 H134N does not only show reduced inactivation at high
Na+, pHe 7.2 (black traces). Strikingly, inactivation almost totally disappears at high
Na+, pHe 9.0 and negative voltages (blue traces). At this specific condition the stationary
current even exceeds the initial current. Moreover, the stationary current at high Na+,
pHe 9.0 is higher than the stationary current at high Na
+, pHe 7.2 (Figure 5.10B and C).
In contrast, amplitudes of Ca2+-mediated inward currents are unaffected by the H134N
mutation (red lines/symbols in Figure 5.10A-C). At all presented conditions the reversal
potentials of C2 H134N are more positive than the respective reversal potentials of wt
C2. The difference in reversal potentials is most pronounced at Na+, pHe 9.0 (p < 0.001)
indicating a higher Na+ conductivity of H134N in the abscence of protons. To further
evaluate competition of Na+ with protons the extra- and intracellular pH dependency
of the mutant was evaluated.
Figure 5.11 shows selectivity measurements of the mutant at internal high Na+, pHi
9.0. This condition was chosen because it creates a driving force for inward proton
transport whereas Na+ transport is still possible in both directions. In the presence of
external Na+, reversal potentials are comparable between wt and mutant (Figure 5.11A;
C). In contrast, the shape of the IV plots exhibits significant differences. While currents
increase with the proton concentration in wt C2, addition of protons leads to reduced
currents in C2 H134N at negative voltages leading to intersection of the pH-dependent IV
curves for the mutant (Figure 5.11A, blue arrows). This is also illustrated in the bar chart
that compares amplitudes at −60mV (Figure 5.11B). In the abscence of external Na+
and at moderate proton concentrations, the reversal potentials of H134N are negatively
shifted compared to wt C2 (Figure 5.11D red arrows; F). This is most obvious at external
NMG, pHe 9.0 (p = 0.004) suggesting outward-directed Na
+ transport. Furthermore,
inward currents are lower and outward currents are much higher for the mutant than in
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Figure 5.10.: Cation selectivity of C2 H134N in comparison to wt C2. The intracellular solution
contained NMG, pHi 9. A Representative current traces at three selected conditions for C2 H134N
(upper row) and C2 (lower row). Applied voltages were varied between −60mV and 40mV in 20mV
steps. B Current-voltage relationsships of stationary photocurrents at varying external conditions. C
and D Corresponding current amplitudes at −60mV and calculated reversal potentials.
wt C2 (Figure 5.11D blue arrow; E). Taken together, these experiments suggest a high
competition of protons and Na+ as well as a reduced inward rectification of the mutant.
Next, selectivity measurements at internal acidic pH were performed (high Na+, pHi
5.0). This condition promotes both Na+ and proton-mediated outward currents. As
expected all reversal potentials are more negative at internal acidic pH than at internal
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Figure 5.11.: Quantification of H+ and Na+ conductivity of C2 H134N and wt C2 at internal high
Na+ pHi 9.0. Maila Reh contributed to wt reference measurements. A Current-voltage relationsships at
external high Na+ at three different pH values. B and C Corresponding current amplitudes at −60mV
and reversal potentials. D I-V curves at external high NMG, pHe 5, 7.2 and 9. External Na
+ is reduced
to 1mM in order to reduce inward-directed Na+ currents. E and F Respective current amplitudes at
−60mV and reversal potentials.
alkaline pH, both in C2 H134N and wt C2 (compare Figure 5.11C; F to Figure 5.12C;
F). In the presence of external Na+ H134N displays considerable outward currents at
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Figure 5.12.: Quantification of H+ and Na+ conductivity of C2 H134N and wt C2 at internal high
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pHe 9.0, but not at pHe 7.2 and pHe 5.0. In contrast, C2 shows outward currents at all
pH values when positive voltages are applied (Figure 5.12A, indicated by blue arrow).
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Figure 5.13.: Representative current traces for C2 H134N T159C at three selected external conditions.
Internal solution was NMG, pHi 9. Applied voltages were varied between −60mV and 40mV in 20mV
steps.
This might suggest an inhibition of outward currents by external protons in the mutant.
Again, inward-directed Na+ currents are smaller at pHe 5.0 than at pHe 7.2 (Figure
5.12A; B) indicating high competition of the two ions. In the abscence of external Na+,
both C2 and H134N show outward currents at pHe 9 and pHe 7.2 and inward currents
at pHe 5.0 applying negative voltages (Figure 5.12D). But outward currents are higher
in the mutant (pHe 9) and inward currents are higher in wt C2 (pHe 5) as can be seen
from Figure 5.12D and E. This finding again supports a higher Na+ conductivity and
a lower inward rectification of the mutant. Considering all experiments, one can con-
clude the following mutant properties. C2 H134N shows high stationary photocurrents,
especially at low external pH. External protons seem to block both inward and outward
Na+-mediated currents. This can be explained by strong proton binding, but a relatively
slow proton transport rate. Moreover, ChR-characteristic inward rectification is reduced
in the mutant. In order to apply C2 H134N for membrane depolarization, a higher ex-
pression level would be preferable. Hence, the C2 H134N was combined with the T159C
mutation. The double mutant shows C2 T159C-characteristic membrane targeting, but
exhibits an ion selectivity pattern very similar to the H134N mutant. Figure 5.13 de-
picts current traces for the double mutant at three external conditions (please compare
to Figure 5.10A). Besides slightly decelerated off-kinetics, photocurrents resemble the
ones measured for the single mutant. Taken together, C2 H134N T159C shows advan-
tageous expression properties and exhibits similar cation selectivity when compared to
C2 H134N.
5.2.3. Central gate
The central gate is located in close proximity to the counterion complex and contains
residues of helix one, two and seven [74]. In C2, the involved residues are S63, E90 and
N258 (see Figure 5.7C). E90 has been intensively studied by several groups and was
shown to determine ion selectivity and current amplitude [223, 100, 225, 94]. S63 and
N258 were first proposed to be involved in ion selectivity by a bioinformatic approach that
modeled the ion-conducting pathway of C2 [226]. Plazzo et al. described an increased
Ca2+ conductivity for the mutants C2 S63D and C2 N258D. In contrast, Kato and
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amplitudes Ip of selected central gate mutants. Measurements were performed at −60mV and 100%
light intensity. C1V1 N297D does not display any photocurrents (not shown). C Action spectrum of
C1V1 S102A in comparison to C1V1. The spectrum peaks at (537± 1) nm.
coworkers reported an increased Ca2+ conductivity for the corresponding C1C2 mutant
N258D, but reduced Ca2+ currents for the corresponding C1C2 mutant S102D (see blue
arrow in Figure 3.4 for central gate position in C1C2). In addition, Kato et al. described
decelerated off-kinetics for both aspartate exchanges. In my experiments, C2 S63 and
N258 were mutated to alanine and aspartate. The mutations were introduced on the C2
T159C background. Furthermore, the corresponding residues in C1V1, S102 and N297,
were mutated to alanine, cysteine and aspartate (see Figure 5.5B for C1V1 central gate).
All mutants were expressed in HEK293 cells and tested for functionality.
All C1V1-based central gate mutants exhibit photocurrents of reduced amplitude that
resemble C1V1 photocurrents (Figure 5.14A; B). Exchanges of S102 reduce current sizes
by a factor of 5.6 or more, whereas exchanges of N297 result in very low currents that
are more than 22 times smaller than C1V1 currents. C1V1 N297D did not show any
photocurrents under the tested conditions. Exchange of serine by alanine induces the
smallest reduction which might be explained by the replacement of serine by a water
molecule in the alanine mutant. Figure 5.14C depicts the action spectrum of the C1V1
S102A mutant that is not shifted when compared to C1V1. The low current levels of the
C1V1 central gate mutants restrict their use for both mechanistic studies and optogenetic
applications, thus the mutants are not further analyzed.
Next, replacements of S63 and N258 in C2 T159C were investigated. All tested mu-
tants exhibit reduced photocurrent amplitudes and the decrease is more pronounced for
the mutations at postion N258 (5.15B) than for the mutations at postion S63. But cur-
rent amplitudes of all mutants are larger than the respective C1V1 mutants. Notably, C2
T159C N258A shows a lower degree of inactivation when compared to C2 T159C (Fig-
ure 5.15A). Both C2 TC N258A and C2 TC N258D exhibit three- to four-fold slower
off-kinetics than C2 T159C. Additionally, inactivation kinetics of C2 S63A T159C and
C2 S63D T159C are biphasic with a dominant, fast component. Action spectra of C2
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Figure 5.15.: Replacement of central gate residues in C2. A Current traces of C2 S63A T159C and
C2 T159C N258A. The scalebars depict 200 pA and 200ms. Current traces of C2 S63D TC and C2
TC N258D are presented in Figure 5.16. B and C Peak current amplitudes Ip and action spectra of
the four investigated C2 mutants. All measurements were performed at −60mV using standard buffer
conditions.
S63A T159C, C2 S63D T159C and C2 N258A T159C are bathochromically shifted by
4 nm, 6 nm and 3 nm, respectively. These shifts confirm the proximity of S63 and N258
to the chromophore, but also show that the central gate residues have less influence on
the absorption than the direct counterion residues such as E123. The basic parameters
of all tested central gate mutants is summarized in Table 5.3.
In order to get a deeper understanding of the involvement of the central gate residues
in ion binding and transport, ion selectivity of C2 T159C S63D and C2 T159C N258D
was investigated in more detail. Figure 5.16A compares current traces of C2 T159C,
C2 S63D T159C and C2 T159C N258D. At high Na+, pHe 7.2 (black traces), the three
variants exhibit inward currents at all tested voltages. All variants show smaller currents
at high Ca2+, pHe 9.0 (red traces). But, the reduction is strongest for C2 T159C and
least pronounced for C2 T159C S63D pointing out a higher Ca2+ conductivity of the
two double mutants. Subsequently, IV plots were analyzed (Figure 5.16B). C2 T159C
exhibits the highest currents at high Na+, pHe 7.2, followed by high Na
+, pHe 9 and high
Ca2+, pHe 9. Only at a negative voltage of −60mV, the Na+-mediated inward currents
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Figure 5.16.: Ion selectivity of central gate mutants. Internal solution was NMG pHi 9. A- Repre-
sentative current traces of C2 T159C, C2 S63D T159C and C2 T159C N258D at two different extra-
cellular buffer conditions. Voltage was varied from −60mV to 40mV in 20mV steps. B Normalized
current-voltage relationships at four different external conditions. C Corresponding current amplitudes
at −60mV.
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mutant λmax / nm I p / pA τoff / ms
C1V1 536± 30 1280± 150 110± 10
C1V1 S102A 537± 1 230± 120 130± 20
C1V1 S102C / 58± 10 /
C1V1 S102D / 140± 30 /
C1V1 N297A / 58± 18 /
C1V1 N297C / 51± 35 /
C1V1 N297D no current detectable
C2 T159C 460± 1 2340± 390 18± 2
C2 T159C S63A 464± 1 1090± 190 25± 2
C2 T159C S63D 466± 1 880± 320 27± 3
C2 T159C N258A 463± 1 380± 70 61± 8
C2 T159C N258D 461± 1 370± 80 67± 9
Table 5.3.: Comparison of central gate mutants to C1V1A and C2 T159C. All mutants exhibit re-
duced amplitudes, while action spectra are only slightly affected. Notably, C2 TC N258A and C2 TC
N258D show more than threefold decelerated off-kinetics when compared to C2 T159C. Matthias Prigge
contributed to values determined for C1V1A and C2 T159C.
at pHe 7.2 and pHe 9 are almost unity (Figure 5.16C). Stationary currents are more than
three-fold reduced in C2 T159C. Two major differences are apparent when comparing
C2 S63D T159C to C2 T159C. First, the Ca2+-mediated initial currents at negative
voltages exhibit similar amplitudes than the Na+- and proton-driven currents. Second,
relative stationary currents are more than twofold higher in C2 S63D T159C at all tested
conditions. C2 T159C N258D shows a slightly different behavior. In this mutant the
initial Na+ currents at pHe 9 are higher than the corresponding initial curents at pHe
7.2 indicating an inhibition of Na+ currents at neutral pH. Whereas Ca2+ influx at
high Ca2+, pHe 9 is comparable in size to Na
+ influx at standard conditions, there is an
considerably high influx even at NMG, pHe 9 (grey lines and bars). Since the NMG buffer
contains 2mM Ca2+, the current is most likely also mediated by Ca2+. This finding
implies a high affinity for Ca2+ binding in C2 T159C N258D. The stationary currents
of C2 T159C N258D are intermediate in size. In summary, C2 S63D T159C shows
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Figure 5.17.: Ca2+ conductance of selected C2 mutants analyzed by Fura-2 fluorescence. A Time-
dependent fluorescence of HEK cells loaded with Fura-2 AM. ChRs were activated at 460 nm for 10 s
(light blue bar). The external solution contained 70mM Ca2+, pHe 7.2. B Relative change in fluorescence
directly after light activation. Cells expressing C2 L132C TC (Catch+) were used as a positive control,
untransfected cells were imaged as a negative control.
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increased Ca2+ conductivity especially for the initial currents and more than twofold
enhanced stationary currents. C2 T159C N258D displays high Ca2+ transport even
at low Ca2+ concentrations and inhibition of Na+-mediated photocurrents by external
protons.
Since Ca2+ currents are superimposed by proton currents at neutral pH, evaluation
of Ca2+ conductivity at neutral pH is difficult from electrical recordings. In order to
overcome this problem, Fura-2 imaging was performed. This allows for direct mea-
surements of Ca2+ concentration changes in HEK cells. Cells expressing different C2
variants were incubated with 2  M Fura-2 acetomethylester for 30min. After a con-
secutive washing step, time-dependent changes in Fura-2 fluorescence were imaged at
380 nm. Figure 5.17A compares the Ca2+ influx into HEK cells expressing four different
C2 mutants. ChRs were activated by illumination at 450 nm for 10 s. The external solu-
tion contained high Ca2+, pHe 7.2. After illumination all ChR-expressing cells showed
an decrease in fluorescence intensity. The fluorescence change was highest in C2 L132C
T159C (Catch+) that served as a positive control. Moreover, the fluorescence change
was significantly increased for C2 S63D T159C and C2 T159C N258D when compared to
C2 T159C (p = 0.001 and p = 0.005, Figure 5.17B). In conclusion, the two central gate
mutants C2 S63D T159C and C2 T159C N258D show an increased Ca2+ conductitvity
under prolonged illumination. This effect is apparent even in the presence of compet-
ing protons. The presented data confirms the computational and experimental data of
Plazzo et al. [226].
5.2.4. Ion selectivity
In the following, general aspects of ion selectivity were investigated. At first, the influ-
ence of internal Mg2+ was analyzed for C2. Subsequently, the different conductivities
of the initial current I0 and the stationary current Is were described in detail. For this
purpose, three model ChRs, namely C2, C1V1 A and C2 L132C T159C were chosen.
C1V1 A has been found to exhibit an increased Ca2+ selectivity [87] and constitutes the
best-expressing green-activated variant so far. C2 L132C T159C (Catch+) combines the
Ca2+-selective L132C mutation [110] with the stabilizing T159C mutation [99, 109]. Be-
ing expressed in HEK 293 cells the double mutant shows the highest photocurrents of all
reported ChRs (see Figure 6.2 and Table 6.1). The three ChRs were tested for conductiv-
ity of protons, Na+, Ca2+ and Mg2+. In the end, the data was used to dissect currents
into contributions of all competing ions. For that purpose, a general enzyme-kinetic
algorithm was applied. All model calculations were performed by Professor Dietrich
Gradmann.
In order to further understand inward rectification in ChRs, the influence of internal
Mg2+ was tested. Mg2+ had been shown to cause inward rectification in potassium chan-
nels [227]. Furthermore, it causes complete photocurrent inhibition in Chlamydomonas
cells [228]. Figure 5.18 compares Na+-mediated inward currents at three different inter-
nal Mg2+ concentrations. Both current traces and IV plots precisely overlay for 0.2mM,
2mM and 20mM Mg2+. In addition, both absolute current amplitudes and reversal
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potentials are very similar between the tested concentrations (Figure 5.18C; D). These
findings demonstrate that internal Mg2+ can be ruled out as a possible source for inward
rectification in ChRs [100].
Next, cation selectivities of the initial current I0 and the stationary current Is were
analyzed. Therefore, photocurrents were measured for various cation concentrations at
pHe 9.0. All used buffers are summarized in Table 4.11. I0 and Is display different
selectivities which are reflected by different current sizes and reversal potentials for the
early and late currents. Figure 5.19 depicts current traces of C2 at conditions close to
reversal potentials. At the presented conditions, I0 is inward-directed while Is reflects
cation outward flux. I0 and Is differ in their respective reversal potentials by more than
20mV. This example illustrates the necessity to independently analyze I0 and Is.
Earlier studies distinguished between three ion species; namely protons, monovalent
cations and divalent cations [86, 100]. This treatment subsumes similar binding and
transport rates for both Na+ and K+ as well as Mg2+ and Ca2+. Here, Mg2+ and
Ca2+ are treated independently. Our data suggests major differences in Mg2+ and
Ca2+ conductance of different ChRs. Figure 5.20 shows the quantification of Mg2+
conductance for C2, C1V1 and C2 L132C T159C. IV relationships were recorded at
2mM, 20mM and 70mM external Mg2+. All tested ChR variants exhibit relatively
low currents at all tested Mg2+ concentrations. Interestingly, C2 current amplitudes
at −60mV decrease with increasing Mg2+ concentrations (Figure 5.20A, see orange
arrow 1 and Figure 5.20B, orange circle 1). A similar effect is seen at positive voltages
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Figure 5.18.: Influence of the internal Mg2+ concentration on C2 photocurrents. A Current traces of
C2 at an internal Mg2+ concentration of 0.2mM, 2mM and 20mM. Voltages were varied from −75mV
to 50mV. B Corresponding IV plot of initial current I0. C and D Average current sizes of I0 at −75mV
and reversal potentials Erev for the three conditions.
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Figure 5.19.: Different selectivities of peak current Ip and stationary current Is of C2. At specific
electrochemical gradients Ip and Is have opposite signs. This feature is most obvious at internal and
external pH 9.0.
(Figure 5.20A, orange arrow 2). For C1V1 and C2 L132C T159C current inhibition
by external Mg2+ is less pronounced, but apparent. In contrast, reversal potentials of
C2 and C1V1 increase with the Mg2+ concentration indicating Mg2+ transport (Figure
5.20A, grey and brown arrows/3 and Figure 5.20C, orange circle/3). In C2 L132C
T159C the external Mg2+ concentration does not influence reversal potentials. This
finding might be explained in two different ways. Either the Mg2+ selectivity of C2
L132C T159C is very low and thus Mg2+ is not transported by the double mutant, or
Mg2+ transport saturates at low Mg2+ concentrations due to strong binding. The second
explanation is strengthened by the relatively high C2 L132C T159C currents, even at
2mM Mg2+. In summary, Mg2+ is transported by different ChR variants, but high
external Mg2+ concentrations have an inhibitory effect. The role of Mg2+ will be further
discussed based on the results from the model calculations.
In the following, the influence of external Ca2+ was investigated. Figure 5.21 compares
current traces of C2, C1V1 and C2 L132C T159C at standard conditions (high Na+, pHe
7.2, black lines) to recordings at high Ca2+, pHe 9.0 (red lines). At standard conditions
the three ChR variants differ in their respective amount of inactivation and their kinetic
parameters. While C2 shows high inactivation (72%) and fast off-kinetics (17ms), C2
L132C T159C inactivates less (only 2% at high light intensities) and is strongly deceler-
ated (244ms) [87]. Current sizes at high Ca2+, pHe 9.0 differ significantly between the
constructs. Whereas relative C2 currents are low for both I0 and Is, C1V1 exhibits high
Ca2+-driven currents, especially for I0. Moreover, stationary current levels are compa-
rable in size between C1V1 and C2 L132C T159C. Notably, both C2 and C1V1 currents
change their direction upon application of positive voltages. On the other hand, C2
L132C T159C displays only inward currents at all tested voltages reflecting positively
shifted reversal potentials. IV relationships at three different Ca2+ concentrations are
depicted in Figure 5.22A. For all presented ChRs inward directed currents increase with
increasing external Ca2+ (Figure 5.22B). Similarly, reversal potentials increase when the
Ca2+ concentration is augmented. Nevertheless, some subtle differences are apparent
between the ChR variants. In general, Ca2+-mediated inward currents are small in C2
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Figure 5.20.: Quantification of Mg2+ conductance of C2, C1V1 A and C2 L132C TC. Filled symbols
represent initial currents I0 and open symbols reflect stationary currents Is. A Current-voltage relation-
sships at three different external Mg2+ concentrations. Orange arrows indicate current decrease upon
increase in Mg2+ concentration. Grey and brown arrows point at the respective reversal potentials. B
and C Average current amplitudes at −60mV and reversal potentials for all constructs and conditions.
The orange circle 1 exemplifies current reduction at −60mV and the orange circle 3 indicates increasing
reversal potentials. Based on the consistency between pre- and postcontrol the three to four best cells
were chosen for each ChR. Reversal potentials were only determined for these cells.
and higher in C1V1 and C2 L132C T159C (Figure 5.22A, B). This goes along with less
positive reversal potentials in C2, most obvious for Is (Figure 5.22C). At 2mM Ca
2+
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Figure 5.21.: Representative current traces of C2, C1V1 A and C2 L132C TC at 140mM NMG, pHi
9.0. The voltage was varied from −60mV to 40mV in 20mV steps. Black traces show currents at high
Na+, pHe 7.2 and red traces correspond to Ca
2+, pHe 9.0.
C1V1 currents are similar to the C2 currents. But, C1V1 current amplitudes show a
strong dependency on the external Ca2+ concentration (Figure 5.22B). When the ex-
ternal Ca2+ concentration is elevated from 2mM to 70mM, I0 amplitudes increase by
a factor of 3.4 for C1V1 and only by 1.9 for both other variants (−60mV). Likewise,
Is amplitudes rise by a factor of 5.2, 2.1 and 1.6 for C1V1, C2 and C2 L132C T159C,
respectively. C2 L132C T159C shows high current amplitudes even at low Ca2+ concen-
trations. In addition, reversal potentials are highest in C2 L132C T159C at all tested
conditions. This might be explained by a strong Ca2+ transport even at low concentra-
tions similar to the finding of a strong Mg2+ binding of the double mutant. An inhibitory
effect of Ca2+ on transport of other ions, as was observed for Mg2+, was not observed.
The model calculations will give further insight into Ca2+ and Mg2+ transport of the
three examined ChR variants.
5.2.5. Enzyme-kinetic model
For quantification of ion transport and competition a general enzyme-kinetic model was
applied [230, 100]. This model considers the ChR molecule as an enzyme that reversibly
binds substrates and can switch its orientation from the extracellular side to the intra-
cellular side, thereby transporting the substrate (Figure 5.24A). The empty binding site
reorientates depending on its apparent charge and the applied electrochemical gradient.
The rate constants of empty binding-site reorientation are directly voltage-dependent by
the following relationsship:
kec = k
0
ecexp
(zEu
2
)
, kce = k
0
ceexp
(−zEu
2
)
, (5.1)
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Figure 5.22.: Quantification of Ca2+ conductance of C2, C1V1 A and C2 L132C TC. Filled symbols
represent initial currents I0 and open symbols reflect stationary currents Is. A Current-voltage rela-
tionsships at three different external Ca2+ concentrations. B and C Average current amplitudes at
−60mV and reversal potentials for all constructs and conditions. Based on the consistency between pre-
and postcontrol the three to four best cells were chosen for each ChR. Reversal potentials were only
determined for these cells.
with the reduced voltage u being u = EF/RT . k0ec and k
0
ce reflect the rate constants
at u = 0 and zE is the apparent charge number of the empty binding site. Here, only
external substrate concentrations are considered. This allows unification of reversible
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Figure 5.23.: Current-voltage relationships for selected cells expressing C2, C1V1 and C2 L132C TC.
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Figure 5.24.: Details of enzyme-kinetic model [229]. A Reaction scheme for binding of an ionic substrate
S to a binding site E characterized by an apparent charge number zE. Reorientation of ES results in
effective ion translocation. Grey lines depict an explicit four-state model. Here, only external substrate
concentrations are varied resulting in a simplified three-state model (black lines). B Corresponding
reaction scheme considering external changes of protons, Na+, Mg2+ and Ca2+. The four substrates
compete for binding and transport. C After prolonged illumination, ChRs adopt two different open
conformations, the open states O1 and O2. Consequently, two distinct reaction schemes are present.
reorientation as well as cytoplasmic binding and debinding into one reversible step [229].
Hence, the number of free parameters per substrate is reduced by two. Cation transport
is thus modeled by two reversible transport steps - the first reflecting substrate binding
at the extracellular site and the second reflecting reorientation and cytoplasmic debind-
ing - whereas the reduced voltage u is divided by the voltage-partioning coefficient d.
Rate constants of cation transport and the voltage-partioning coefficient are iteratively
determined using the following equations:
kcS = k
0
cS [S]c exp
(
d(zE + zS)u
2
)
, (5.2)
kSc = k
0
Scexp
(−d(zE + zS)u
2
)
, (5.3)
kSe = k
0
Seexp
(
(1− d)(zE + zS)u
2
)
, (5.4)
keS = k
0
eS [S]e exp
(
(d− 1)(zE + zS)u
2
)
. (5.5)
The voltage partitioning coefficient d (for the cytoplasmic barrier) is treated as voltage-
and substrate-dependent,
d =
kSe + keS
kSe + keS + kSc + kcS
. (5.6)
The current model differs from earlier studies by two extentions [229]. First, it consid-
ers four different substrates (protons, Na+, Mg2+ and Ca2+) that compete for binding
and transport (Figure 5.24B). Second, it is the first study that describes ion selectivity
of both I0 and Is. Under the assumption of an electrophysiological cycle considering two
open states O1 and O2 as well as two closed states Cd1 and Cd2 (see Figure 3.5C), the
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initial current I0 - resulting from activation of dark-adapted molecules - is only mediated
by ChRs in the first open state O1. In contrast, the stationary current Is is composed
of conductances of ChR molecules in both open states O1 and O2. The relative portion
of molecules in either state thereby influences the overall selectivity of Is. Consideration
of two open states results in two distinct reaction schemes (Figure 5.24C). A detailed
description of the model algorithm is found in the Appendix.
Current-voltage relationsships at seven extracellular conditions were used for the
model calculations. Based on the consistency between pre- and postcontrol at stan-
dard conditions, three to four complete datasets were chosen for C2, C1V1 and C2
L132C T159C. The algorithm was independently applied to each dataset, yielding a set
of kinetic parameters for each analyzed cell. Three tables summarizing all parameters
can be found in the Appendix (Tables A.5, A.6 and A.7). Figure 5.23 depicts IV plots
of three selected cells at all analyzed conditions. Measured datapoints (circles) are in
good agreement with the model-retrieved curves (solid and dashed lines) supporting the
choice of the model to sufficiently describe the data [229]. Black and grey symbols in the
upper row reflect pre- and postcontrol. Since Mg2+ and Ca2+ measurements have been
described in detail on the previous pages, only measurements in the presence of Na+
and protons will be discussed here. At high Na+, pHe 7.2 I0 currents exhibit similar IV
courses for C2, C1V1 and C2 L132C T159C. In contrast, stationary currents are small
for C2 and intermediate in size for C1V1. C2 L132C T159C displays little inactivation
and I0 and Is are equal in size at −20mV and higher voltages. Elevation of extracellular
pH to 9.0, thus taking away extracellular protons, decreases current sizes of C2 and
C2 L132C T159C whereas shapes of IV curves are rather unaltered (Figure 5.23: blue
symbols in second row). In C1V1 the effect is different. At most voltages Is and I0 are
unaltered between pHe 9.0 and pHe 7.2. Moreover, at negative voltages I0 amplitudes in-
crease in the abscence of external protons suggesting inhibition of Na+-mediated currents
by protons. As described for Mg2+ and Ca2+ before, reversal potentials at the tested
Na+ and proton concentrations are lowest for C2 and highest for C2 L132C T159C.
Kinetic parameters allow for the dissection of inward currents into the contribution
of different cations. The relative contribution depends on the applied electrochemical
gradient, thus the membrane voltage and the external and internal ion concentrations,
and differs for I0 and Is. Figure 5.25 depicts the ion contribution to I0 and Is at
two different experimental conditions and application of −60mV. The slender left bars
represent I0 that is only mediated by conductance through O1. The broader right bars
reflects Is being constituted by conductances of both O1 (dark color) and O2 (light
color). Ion selectivity slightly differs between O1 and O2 and their portions do not only
depend on the electrochemical gradient, but also on other experimental parameters such
as the intensity of the actinic light. Since the internal solution contained NMG, pHe 9.0
and the applied voltage was −60mV there was a high driving force for inward-directed
ion transport. Moreover, the chosen conditions are far from thermodynamic equilibrium
[229].
Of the three ChRs tested, C2 shows the highest degree of inactivation and inactivation
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Figure 5.25.: Dissection of inward currents into contribution of different competing ion species for C2,
C1V1 and C2 L132C TC. Internal solution was NMG, pHi 9.0 and external solutions were 140mM Na
+,
pHe 7.2 (A) and 70mM Ca
2+, pHe 9.0 (B). Slender bars in dark color represent initial currents I0 that
are only constituted by O1 conductance. Broad bars depict stationary currents Is being composed of
both O1 (dark color) and O2 (light color) conductance. Vertical solid lines represent standard errors of
individual partial currents.
is strongly reduced for C2 L132C T159C. This may at least partially be explained by
the high contribution of O2 to the stationary current in C2 L132C T159C. Notably, the
double mutant shows considerably high Mg2+ influx (yellow and orange bars in Figure
5.25) even at low external Mg2+ concentration. At Na+, pHe 7.2 (Figure 5.25A) currents
are mostly constituted by protons and Na+. Interestingly, at this specific condition Is
exhibits a higher relative Na+ conductance than I0. The partial Na
+ contributions to
I0 are 33%, 40% and 29% and the corresponding contributions to Is are 40%, 65%
and 48% for C2, C1V1 and C2 L132C T159C, respectively. This increase is caused
by a higher relative Na+ conductance in the O2 state and goes along with a reduced
relative proton conductance. At high Ca2+, pHe 9.0 (Figure 5.25B) currents are mainly
carried by Ca2+. Whereas relative cation contributions are similar between the different
ChRs, the total current sizes show different tendencies. In C2 Ca2+-mediated currents
are small and inactivation is high (86%). In the presence of high Ca2+ concentrations
C1V1 displays high total current amplitudes, especially for I0, that are only reduced
by 15% when compared to currents at high protons and high Na+. Moreover, relative
calcium contributions are highest in C1V1 for both I0 (93%) and Is (89%). C2 L132C
T159C is also characterized by high Ca2+-mediated currents, but inversely to C1V1 this
effect is most pronounced for Is. Therefore, C1V1 is best suited whenever short Ca
2+
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Figure 5.26.: Titration of partial currents Ipar at different external Ca
2+ and Mg2+ concentrations.
Partial currents were calculated from I (E) relationsships and plotted against the respective substrate
concentration. Solid circles represent initial currents I0 and open symbols reflect stationary currents Is.
Lines depict fits based on Michaelis-Menten kinetics.
influx is required whereas C2 L132C T159C provides the highest Ca2+ currents following
long-term activation.
Next, the dependency of partial currents on the respective substrate concentration was
explicitly evaluated for Ca2+ and Mg2+ (Figure 5.26). Current-substrate relationsships
follow Michaelis-Menten kinetics (dashed and solid lines) supporting the enzyme-kinetic
model. Imax and KM values determined by application of the Michealis-Menten equation
are summarized in Table 5.4. Some general conclusions can be drawn from the Ca2+ and
Mg2+ titration. First, Imax values are higher for Ca
2+ than for Mg2+ yielding higher
partial Ca2+ currents at saturating Ca2+ concentrations. Second, half-saturating Mg2+
concentrations (KM values) are lower than the corresponding Ca
2+ concentrations sug-
gesting stronger binding of external Mg2+. Third, initial currents are characterized by
higher Imax values, but not necessarily by stronger substrate binding. When comparing
C2, C1V1 and C2 L132C T159C the following conclusions can be drawn. C2 displays the
Ca2+ titration
initial current I0 stationary current Is
Imax0/ %I0ref KM0/ mM Imaxs/ %I0ref KMs/ mM
C2 34± 1 25± 1 9.3± 0.2 161± 5
C1V1 149± 4 61± 3 58± 2 270± 10
C2 L132C T159C 117± 9 90± 10 29± 1 57± 3
Mg2+ titration
initial current I0 stationary current Is
Imax0/ %I0ref KM0/ mM Imaxs/ %I0ref KMs/ mM
C2 6.1± 0.4 2.3± 0.9 1.44± 0.02 2.4± 0.2
C1V1 13± 1 2.1± 0.9 3.66± 0.01 1.75± 0.01
C2 L132C T159C 43± 7 3± 2 11.1± 0.1 0.21± 0.01
Table 5.4.: Parameters of Ca2+ and Mg2+ titration gained by fitting to the Michaelis-Menten equation.
Imax/Iref represents the maximal amplitude of the partial current and KM/ mM corresponds to the
half-saturating substrate concentration.
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Figure 5.27.: Comparison of model-based current prediction to experimental values for C2, C1V1 and
C2 L132C TC. A Predicted contribution of different ion species to I0 and Is at −60mV, calculated for an
internal solution of NMG, pHi 9.0 and an external solution of 70mM Ca
2+, pHe 7.2. Slender bars in dark
color represent initial currents I0 that are only constituted by O1 conductance and broad bars depict
stationary currents Is being composed of both O1 (dark color) and O2 (light color) conductance. Vertical
solid lines represent standard errors of individual partial currents. (B) Experimental confirmation of the
total current amplitudes under the same conditions.
lowest maximal partial currents for both Ca2+ and Mg2+ indicating slow transport even
at high concentrations of divalent cations. Imax values for Ca
2+ transport are highest in
C1V1, but these transport rates are only reached at unlikely high Ca2+ concentrations.
In contrast, Imax values for Mg
2+ transport can be reached at physiological Mg2+ con-
centrations. C2 L132C T159C exhibits highest maximal Mg2+ currents (Imax values).
These are apparent even at low Mg2+ concentrations and when other competing ions
are present (see Figure 5.25 and 5.27). Therefore, Mg2+ influx should be taken into
account whenever C2 L132C T159C is used. Taken together, Ca2+ and Mg2+ differ
in their respective binding and transport rates and should be treated as independent
substrates [229].
The so-far presented partial currents were based on experimental data at the corre-
sponding conditions. However, the enzyme-kinetic algorithm also allows for determina-
tion of current contributions at conditions that were not experimentally tested. Here,
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current sizes and contributions at −60mV were calculated for high Ca2+, pHe 7.2 (Fig-
ure 5.27A). At this condition protons and Ca2+ compete for inward transport. Initial
currents are mainly mediated by protons with relative contributions of 80%, 67% and
59% for C2, C1V1 and C2 L132C T159C. C1V1 and C2 L132C T159C also display con-
siderable contributions of Ca2+ (32% and 28%). Interestingly, total currents of C1V1
at high Ca2+, pHe 7.2 are higher (117%) than at high Na
+, pHe 7.2 (100%, compare
Figure 5.25A to Figure 5.27A). The increased current is due to higher proton currents
whereas partial Na+ and Ca2+-mediated currents are equal in size. This indicates a
higher inhibition of proton currents by Na+ than by Ca2+ in C1V1. The relative sta-
tionary currents at high Ca2+, pHe 7.2 are more than twice as high in C1V1 and C2
L123C T159C than in C2. In both variants Is is mediated to a high extent by Ca
2+ (50%
and 42%). Therefore, both C1V1 and C2 L132C T159C are well suited for a sustained
Ca2+ influx even in competition with external protons.
In the following, the predicted current sizes at high Ca2+, pHe 7.2 were experimentally
verified (Figure 5.27B). Amplitudes of I0 and Is coincide well with the corresponding
amplitudes predicted by the model. Also, differences between the tested ChR variants
could be experimentally reproduced. In conclusion, the model is appropriate to predict
current sizes and current contributions at untested experimental conditions. It should
be applied to estimate cation influx prior to experiments and to avoid time-consuming
ion selectivity experiments. Furthermore, the model allows a more detailed insight into
general aspects of ion selectivity as well as variant-specific characteristics of ion compe-
tition.
One additional aspect will be analyzed here. In the case of competing Na+ and protons,
the model calculations yield higher proton contributions to I0 than to Is (Figure 5.25A).
Inversely, Na+ contributions to Is exceed its contributions to I0. The elevated Na
+
contribution to Is is most pronounced in C1V1, where 65% of Is is mediated by Na
+
compared to 40% for I0. Accordingly, only 31% of Is current reflects proton transport in
C1V1 at high Na+, pHe 7.2. Although less pronounced the tendency of reduced proton
transport for Is is also apparent in C2 and Catch+. At first glance, these findings seem to
contradict the proposed ”progressive proton selectivity” in time that was proposed for C2
by Berndt and Prigge et al. [86]. But, the earlier study was based on reversal potentials
thus conditions close to thermodynamic equilibrium. In contrast, the current calculations
were performed for high chemical gradients and a membrane voltage of −60mV thereby
representing conditions with a high driving force for inward cation transport. In order to
understand the discrepancy I (E ) relationsships for C2 were measured at high external
Na+. Moreover, two external and two internal pH values (pH 7.2 and pH 9.0) were
tested and reversal potentials were determined. Figure 5.28A, B illustrates the C2 I (E )
plot at pHi 7.2 and two external pH. Reversal potentials for I0 (filled circles in A) and Is
(open circles in B) are indicated by arrows. When the extracellular proton concentration
is increased from pHe 9.0 to pHe 7.2 reversal potentials shift to more positive values as
indicated by horizontal grey bars in Figure 5.28 A and B. The shift in reversal potentials
(δErev) is significantly higher for Is than I0 at pHi 7.2 (Figure 5.28C). This implies a
85
5. Results
-60 -30 30
-1.0
-0.5
-60 -30 30
-1.0
-0.5
I0 140 mM Na
+, pHe 7.2
  Is 140 mM Na
+, pHe 7.2
   
I0 140 mM Na
+, pHe 9
  Is 140 mM Na
+, pHe 9
   
E/ mV
I 0
/I 0
re
f
E/ mV
I s
/I 0
re
f
¨
E
re
v /
m
V
0
20
40
I0  
Is 
n.s.
***
pHi 9.0 pHi 7.2
¨Erev ¨ErevA B CpHi 7.2 pHi 7.2
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higher proton selectivity of Is and reproduces the results of Berndt and Prigge [86].
Thus, selectivities determined from reversal potentials differ from cation influx at high
electrochemical driving forces where ion competition plays a more important role. Since
living cells maintain membrane potentials far from equilibrium, reversal potentials may
not be ideal to evaluate cation flux in ChRs. The here presented model presents an
alternative way for the evaluation of ion selectivity and ion competition.
5.3. Optogenetic targeting of presynaptic vesicles
This section deals with the design and characterization of an optogenetic tool that enables
synaptic vesicle acidification with light. The targeting strategy is based on synaptic
proteins fused to different microbial rhodopsins and fluorescent indicators. The resulting
fusion proteins were tested for functionality in HEK cells and hippocampal neurons.
Moreover, the most promising construct was used to analyze some basic properties of
presynaptic vesicle filling and fill-state dependent synaptic transmission.
All experiments presented in this section were planned and performed in close cooper-
ation with Dr. Benjamin Rost (Charite´ Berlin). In most cases, datasets originate from
both experimentators with equal contributions.
5.3.1. Construct design
In order to manipulate membrane potential and intravesicular pH of presynaptic vesicles
by light, several constructs were created. All fusion proteins are based on the vesicular
pH indicator Syphy [156, 172] which consists of the first three helices of synaptophysin
followed by a pH-sensitive GFP derivative (superecliptic pHluorin) and is completed
by the last helix of synaptophysin (as introduced in Figure 3.7). This arrangement
places the pHluorin in the lumen of the vesicle and allows for intravesicular pH imaging.
86
5.3. Optogenetic targeting of presynaptic vesicles
Arch3
mKate
vesicular lumen
synaptophysin
cytosolN
pHluorin
H+
helix ß-SU
ATPase
Syphy-Arch3-mKate
`pHoenix´
CvRh T46N
mKate
vesicular lumen
synaptophysin
cytosolN
pHluorin
H+
helix ß-SU
ATPase
Syphy-CvRh T46N-
mKate
C2 E123A
eGFP
vesicular lumen
synaptophysin
cytosolN
pHTomato
H+
helix ß-SU
ATPase
SypHTomato-
C2 E123A-eGFP
NpHR
vesicular lumen
synaptophysin
cytosolN
pHluorin Cl-
helix ß-SU
ATPase
Syphy-NpHR-mKate
mKate
Arch3
mKate
vesicular lumen
synaptogyrin
cytosolN
pHluorin
H+
helix ß-SU
ATPase
Synaptogyrin-pHlourin-
Arch3-mKate
Figure 5.29.: Protein design of optogenetic actuators targeting presynaptic vesicles. All fusion proteins
are based on the synaptic pH indicator Syphy [156, 172] which is coupled to the respective microbial
rhodopsin. Arch3 and CvRh T46N are used to pump protons into synaptic vesicles, C2 E123A TC to
conduct protons in both directions and NpHR to pump Cl
− out of vesicles. An additional intracellular
fluorescent protein serves as pH-insensitive expression marker. In order to complete the synaptophysin
an additional helix was introduced [208, 209, 210].
Here, the C-terminus of pHluorin was fused to the N-terminus of different microbial
rhodopsins (Figure 5.29). Next, a second fluorescent protein was C-terminally added.
This fluorescent marker can serve as a reference for expression levels and allows for
ratiometric pH imaging as reported by others [180]. Moreover, it may enhance folding of
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microbial rhodopsins and deliver the necessary flexibility of the protein [210]. Since wt
ChRs exhibit large C-terminal intracellular domains, the fluorescent protein may mimic
this structural element. To include the last helix of synaptophysin, an additional helix
was necessary. Therefore, a helix of the rat gastric H+, K+-ATPase, that had been
successfully used in combination with microbial rhodopsins in earlier studies [208, 209,
210], was placed after the second fluorescent protein. The fusion protein was terminated
by the last helix of synaptophysin.
The following combinations of rhodopsins and fluorescent proteins were tested. First,
the high-performing proton pumps Arch3 [151] and the CvRh mutant CvRh T46N [26]
(personal communication of Suneel Kateriya, Satoshi Tsunoda and Arend Vogt) were
used. In the context of the here presented fusion proteins proton pumps would poten-
tially acidify vesicles. Fluorescent proteins were chosen such as the activating wavelength
coincides with the excitation wavelength of the reference fluorescent protein whereas the
pH-sensitive fluorescent protein could be independently activated. Thus, green-light ac-
tivated proton pumps were combined with mKate2 and pHlourin. Syphy-Arch3-mKate2
was named ”pHoenix”and this denomination will be used in the following. To reduce the
pH gradient over the vesicular membrane the proton-selective C2 mutant E123A T159C
was tested [100, 99]. The blue-light activated C2 mutant was combined with eGFP and
the recently published red fluorescent pH-indicator pHTomato [161]. In order to distin-
guish between direct effects of membrane potential and effects of vesicular acidification,
proton pumps were replaced by the light-activated chloride pump NpHR [231, 70]. This
arrangement should potentially alter the vesicular membrane voltage without affecting
the intravesicular pH. Although NpHR exhibits a red-shifted action spectrum compared
to the proton pumps, NpHR was fused to the same set of fluorescent proteins (mKate and
pHluorin). Last, a pHoenix variant containing the nematode synaptogyrin as targeting
protein was generated. Synaptogyrin-GFP fusions have been applied as synaptic marker
in C. elegans [232]. Synaptogyrin-pHoenix is intended to be applied for light-driven
vesicular acidification in C. elegans. Protein composition of all presented fusion proteins
is displayed in Figure 5.29.
Proteins were expressed in HEK 293 cells and tested for functionality. For all con-
structs mKate or eGFP fluorescence was detectable, but fluorescence was mainly loca-
lized to internal membranes such as the endoplasmic reticulum (not shown). Current
traces of four variants are depicted in Figure 5.30A indicating functionality of proton
and chloride pumps. At symmetric buffer conditions and 0mV light activation of pumps
generates outward-directed proton currents or inward-directed chloride currents. In con-
trast, no photocurrents were detected for the C2-based protein. Quantification of maxi-
mal photocurrent amplitudes Ip yields very low values for all fusion proteins (Figure
5.30B). The amplitude reduction compared to untargeted proteins can be explained by
the weak surface expression of the fusion proteins. CvRh T46N-eGFP without targeting
sequences served as a positive control for good membrane targeting and displays more
than five-fold higher photocurrents than all pHoenix variants (Figure 5.30B).
Next, cultured hippocampal neurons were transduced with lentiviral particles deli-
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Figure 5.30.: Functionality test of fusion proteins in HEK 293 cells. A Current traces of pHoenix,
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proteins and Cl--mediated inward currents for Syphy-NpHR. B Peak current amplitudes of tested fusion
proteins. CvRh T46N serves as a positive control without synaptic targeting sequences. The C2-based
construct did not display any light-induced currents, hence it is not included.
vering the pHoenix or the Arch3-eGFP gene, respectively. Neurons were stained against
the cytosolic MAP2 kinase and the vesicular glutamate transporter 1 by immunocytoche-
mistry. Fixed neuronal samples were visualized by confocal laser-scanning microscopy.
Figure 5.31 compares Arch3-eGFP expression patterns to pHoenix localization at two
different magnifications. Arch exhibits strong expression in plasma membranes that is
not restricted to synapses (shown in green). On the contrary, pHoenix expression level
is lower and pHoenix colocalizes with the synaptic vGlut1 protein as indicated by the
white arrows in the bottom row images of Figure 5.31. Nevertheless, pHoenix expression
in plasma membranes apart from synapses cannot be excluded from the images.
5.3.2. Light-activated vesicle filling
Autaptic hippocampal neurons were used to study synaptic transmitter release. There-
fore, hippocampal neurons were seeded on microglia islands at low concentrations yiel-
ding single neurons per island that form autaptic connections. Neurons were transduced
with lentivirus encoding pHoenix, Syphy-CvRh T146N-mKate and Syphy-NpHR-mKate.
Two weeks later the influence of light activation of microbial pumps on synaptic release
was analyzed by whole-cell electrical recordings. Action potentials were triggered by
depolarization every 0.2Hz and the successive excitatory postsynaptic currents (EPSCs)
in glutamatergic neurons were recorded. Figure 5.32A shows the effect of light activa-
tion of pHoenix on normalized EPSC amplitudes. Upon continuous illumination EPSC
amplitudes gradually increase until reaching a stationary level. At the end of light appli-
cation amplitudes have increased by (11± 2)% while amplitudes of untransduced cells
are unaffected by light (Figure 5.32B). Despite higher photocurrent levels in HEK cells
(Figure 5.30B) Syphy-CvRh T146N-mKate and Syphy-NpHR-mKate activation does not
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Figure 5.31.: Confocal images of fixated cultured neurons expressing Arch3-eGFP (A) or pHoenix
(B). First and third row are overview images, while second and fourth row show additionally three-fold
magnified dendrites. Neurons were stained against the vesicular glutamate transporter 1 (vGlut1) and
the MAP2 kinase (MAP2K) by immunocytochemistry. Fluorescence of secondary antibodies was excited
at 405 nm and 647 nm and fluorescence is shown here in blue (vGlut1) and red (MAP2K). eGFP and
pHoenix fluorescence was excited at 488 nm and is presented here in light green. Left column shows
VGlut1 and MAP2K and middle column depicts Arch3/phoenix and MAP2K localization. The last
column combines all three channels. Arch3-eGFP fluorescence is brighter than pHoenix fluorescence and
evenly distributes to all membranes. pHoenix is synaptically enriched and its fluorescence colocalizes
with vGlut1 as indicated by the white arrows in the bottom row images. Scale bars correspond to 5  m
and 1  m.
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Figure 5.32.: Effect of pHoenix activation on EPSC amplitudes in glutamatergic neurons. Action
potentials were triggered at 0.2Hz. A Time-course of normalized EPSC amplitudes. EPSCs of pHoenix-
expressing cells increase during continuous illumination (green symbols). Uninfected cells serve as a
negative control and display unaltered EPSCs over time (black symbols). B Quantification of normalized
EPSC amplitudes after 90 s to 115 s of illumination.
affect EPSC amplitudes (not shown). While these findings suggest unfunctionality of
CvRh in neurons as has been concluded from the abscence of somatic currents of untar-
geted CvRh, the interpretation for NpHR is more difficult and will be further discussed
in section 6.3.3. Taken together, light-induced acidification of synaptic vesicles using
pHoenix increases EPSC amplitudes of glutamatergic neurons. In contrast, EPSCs are
unaffected by CvRh and NpHR activation.
Next, the effect of pHoenix activation on bafilomycin-treated neurons was investi-
gated. Bafilomycin specifically inhibits V-Type ATPases [233, 234] and has been applied
to block proton-transporting ATPases that acidify synaptic vesicles, thereby preven-
ting neurotransmitter uptake [235, 236]. To deplete synaptic vesicles already filled with
neurotransmitters, bafilomycin was applied for 2 h to 5 h prior to experiments. Figures
5.33A and B show the effect of pHoenix activation on the EPSCs of a glutamatergic,
bafilomycin-treated neuron. While no EPSC is present at the beginning of illumina-
tion, application of green light for 2min activates pHoenix, thereby rescueing EPSCs.
In contrast, EPSC amplitudes of neurons expressing Arch-eGFP distributed over their
plasmamembrane are not affected by green illumination (Figure 5.33B, C). These expe-
riments support the idea that acidification of synaptic vesicles is necessary for vesicular
neurotransmitter uptake in glutamatergic neurons. Next, EPSC amplitudes of untreated
neurons were compared to pHoenix-rescued EPSCs of bafilomycin-treated neurons (Fi-
gure 5.33D, E). Amplitudes of rescued EPSCs do not significantly differ from those of
untreated cells (P = 0.53) suggesting that continuous pHoenix activation in the light
effectively compensates for ATPase inhibition. In the following, the influence of light
intensity was further analyzed. Somatic currents of Arch-eGFP-expressing neurons are
shown at three different light intensities in Figure 5.33F. Reduction of light intensity to
25% (≈ 600mWcm−2) does not reduce current amplitudes of Arch3. Since pHoenix-
driven somatic currents are hard to detect in neurons (Figure 5.33F), light dependence
of somatic pHoenix currents was analyzed in HEK cells (Figure 5.33G). Again, current
amplitudes are only slightly reduced at 25% light intensity. Finally, pHoenix-mediated
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Figure 5.33.: pHoenix activation rescues EPSCs in glutamatergic, bafilomycin-treated neurons. Neu-
rons were incubated with 1  M bafilomycin for 2 h to 5 h prior to experiments. Action potentials were
triggered at 0.2Hz. A Current traces of pHoenix-expressing neuron during continuous illumination. At
the beginning of light application, no EPSC is detectable. pHoenix activation gradually rescues EPSCs
(green arrow). B Time-course of average EPSC amplitudes of pHoenix-expressing neurons vs Arch-
eGFP-expressing cells. pHoenix and Arch were activated at 560 nm for 2min. Arch activation does not
rescue EPSCs. C Comparison of EPSC amplitudes after 90 s to 115 s of illumination for pHoenix- and
Arch-expressing cells. Please note logarithmic scale (also in F). D and E After pHoenix activation for
2min bafilomycin-treated cells exhibit EPSC amplitudes similar to the ones measured for non-treated
cells. D depicts EPSC amplitudes after 90 s to 115 s of illumination and E shows corresponding time
course. F, G and H Effect of light intensity on Arch and pHoenix activation. F Somatic currents of
Arch and pHoenix in neurons. Arch-eGFP exhibits high currents that are uneffected by light intensity
reduction to 25%. pHoenix shows very low somatic currents. G Somatic currents of pHoenix in HEK293
cells. Amplitudes slightly decrease upon reduction of light intensity. H Time-course of EPSC amplitudes
in pHoenix-expressing neurons that were activated at two different light intensities. Illumination at 25%
allowed for longer illumination without side effects. Kinetics of EPSC rescue were exponentially fitted
with time constants of 43ms and 71ms for 100% and 25%, respectively.
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EPSC rescue was compared at 100% and 25% light intensity (Figure 5.33H). In order to
obtain time constants of EPSC-recovery kinetics, EPSCs were baseline-corrected for the
period before illumination and curves were monoexponentially fitted from time points
120 s to 360 s. Notably, EPSC rescue is faster at 100% light intensity (43 s) than at 25%
light intensity (71 s). Since EPSC amplitudes might not have reached their maximal
value after illumination at 100% for 60 s, the kinetic difference may at least partially
be an artifact due to longer illumination time at 25%. Most importantly, pHoenix ac-
tivation at 25% light intensity (≈ 600mWcm−2 ≈ 1.7× 1022 photons m−2s−1) seems
sufficient to effectively rescue EPSCs in bafilomycin-treated neurons. Since reduction of
light intensity prevents unwanted side effects such as heating, the following experiments
used 25% of activation light.
To further analyze the different filling states of synaptic vesicles, a protocol applying
two consecutive intervals of green light was executed (30 s and 90 s, separated by 60 s),
thereby rescueing EPSCs in bafilomycin-treated neurons. The time period between the
two light applications is referred to as ”intermediate” filling state and the minute follow-
ing the second light application corresponds to the ”full”state. At first, the time course of
average EPSC amplitudes following the two-pulse protocol was recorded (Figure 5.34A).
After the first light pulse, EPSC amplitudes remain constant at an intermediate level.
Only during the second light pulse, EPSCs further increase until they reach a stationary
level. Figure 5.34B, C quantifies changes in EPSC amplitudes for individual cells. All
analyzed cells display increased EPSC amplitudes of the full state compared to the inter-
mediate state resulting in an average increase by a factor of 2.5± 0.2. Second, the time
course of the paired-pulse ratio (PPR) was investigated (Figure 5.34D, E, F). The PPR
describes the ratio of amplitudes of two consecutive EPSCs and is an indirect measure
for release probability. The PPRs exhibit a high variability, especially during the first
light application when EPSCs are small (Figure 5.34D). Nevertheless, the temporal de-
velopment of PPRS shows a trend. Out of twelve analyzed cells, nine exhibit a decreased
PPR when comparing the full state to the intermediate state (Figure 5.34E). Also, the
average PPR is decreased by (6.2± 2.8)% (Figure 5.34F) indicating a slightly higher
release probability of the full state. More experiments will be necessary to validate this
finding. Third, miniature excitatory postsynaptic currents (mEPSCs) reflecting sponta-
neous vesicle release were analyzed. Therefore, the two light-pulse protocol was applied
to glutamatergic neurons without triggering of APs. Figure 5.34G displays exemplary
current traces of the intermediate and the full state. Both traces show several events,
representing mEPSCs. A characteristic mEPSC is presented in Figure 5.34H exhibiting
the characteristic very fast onset in the submillisecond timescale and a slower off rate in
the millisecond range. Next, mEPSC amplitude and frequency were compared between
both states. All cells show higher average mEPSC amplitudes in the full state than
in the intermediate state (Figure 5.34I). Moreover, mEPSC frequencies are enhanced
for nine out of eleven analyzed cells (Figure 5.34J). When considering average changes
mEPSC amplitudes and mEPSC frequencies are increased by factors of 1.32± 0.06 and
1.90± 0.28, respectively (Figure 5.34K). In summary, the full state displays higher EPSC
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Figure 5.34.: Response of pHoenix-expressing neurons following two consecutive light intervals at
560 nm. Light pulses were 30 s and 90 s long and had an intensity of 25%. Cells were incubated with
1  M bafilomycin for at least 2 h prior to all experiments. A Time course of EPSC amplitudes. Time
period in-between pulses is referred to as ”intermediate” filling state and time after last pulse is referred
to as ”full” state. B Comparison of EPSC amplitudes of individual cells for intermediate and full state.
C Corresponding relative changes. D Time course of paired-pulse ratios (PPR). E and F Comparison of
PPR of individual cells for intermediate and full state and respective relative change. G Representative
current traces showing miniature EPSCs (mEPSCs) for intermediate (grey trace) and full-filled vesicles
(black trace). Selected mEPSCs are indicated by grey and black arrows. H Representative single events
at both conditions. Full-filled vesicles display higher mEPSC amplitudes. I and J Comparison of mEPSC
amplitude and mEPSC frequency of individual cells after first and second light pulse. K Quantification
of relative changes in amplitude and frequency of single release events.
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amplitudes going along with higher mEPSC amplitudes and mEPSC frequencies when
compared to the intermediate filled state. Moreover, there is an indication of an increased
release probability of the full state. These experiments show that pHoenix activation
using more complex light protocols allows for the analysis of different filling states of
synaptic vesicles.
Taken together, pHoenix constitutes a light-activated proton pump that preferentially
targets to synaptic vesicle membranes. pHoenix activation in untreated autaptic neurons
evokes (11± 2)%-enhanced excitatory postsynaptic currents. Moreover, pHoenix activa-
tion for 2min can restore EPSCs in bafilomycin-treated neurons. First experiments also
indicate that pHoenix might be useful to study correlations between different vesicular
filling states and their respective postsynaptic responses.
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6.1. Towards multi-color optogenetics
Optogenetics is a powerful method to study cellular processes with high temporal and
spatial precision. In order to perform complex combinational optogenetic experiments,
both fluorescent sensors and actuators exhibiting distinct wavelengths of activation are
essential.
Bright fluorescent proteins with excitation maxima ranging from 380 nm to 700 nm
are now available [159, 237]. In GFP-like proteins the absorption is determined by post-
translational modifications of the chromophore, the chromophore isomerization state and
the chromophore environment [238]. Fine-tuning of the absorption by mutagenesis of
the fluorescent proteins from the jellyfish Aequorea victoria and the reef coral Discosoma
sp. yielded variants with emission spectra covering the entire visible range from blue
to far-red [159, 237]. The palette of fluorescent proteins is furthermore extended by
near-infrared fluorescent proteins being developed from bacterial phytochromes [239].
In fact, spectrally distinct sensors sensitive to diverse cellular parameters have been
created. Prominent examples are the pH sensors pHluorin and pHTomato as well as the
Ca2+-sensitive GCamps and RCamps. FRET sensors that rely on the energy transfer
between two FPs complement the repertoire of sensor proteins, thereby CFP and YFP
derivatives represent the most commonly used FPs applied as FRET pairs.
Contrarily, the color palette of available optogenetic actuators is rather sparsely popu-
lated. Hyperpolarizing microbial pumps are activated by green, yellow or orange light
and few variants have been successfully applied in neuronal cells (see section 3.5.3).
Only very recently, a blue light-absorbing Arch variant exhibiting maximal activation
at 500 nm was generated [240]. The Arch mutant was obtained by replacement of three
residues within the retinal binding pocket. In the mutant the retinal favors an altered
isomerization featuring a rotated β-ionone ring, thereby decreasing the effective size of
the delocalized electron system [240]. Additional color-tuned hyperpolarizing tools e.g.
a blue-absorbing chloride pump or a red-shifted proton pump would be of great interest
for applications. In principle, the absorption of protein-embedded all-trans retinal can
be tuned from 425 nm to 644 nm as has been shown in a study using human cellular
retinol binding protein II [241]. But, optogenetic application requires reasonable protein
stability and functionality of the respective rhodopsin. Since a single ion is transported
per photocycle in microbial pumps, the number of transported charges directly corre-
lates with the number of available pumps and the quantum efficiency of the primary
photoreaction. Further mutational studies and/or genomic screens are thus necessary to
provide new variants that allow for combinational experiments of both hyperpolarizing
and depolarizing optogenetic tools.
6.1.1. Color-shifted ChR variants
High-efficiency ChRs are represented by C2 derivatives and C1C2 chimera that absorb
blue and blue-green light only. In the present work we aimed to create potent ChRs with
shifted action spectra. Generation of a blue-shifted C2 mutant failed for several reasons.
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First, the retinal binding pocket is only partially conserved between ChRs and other
microbial rhodopsins. Color-tuning has been intensively described for proteorhodopsins,
but transfer of reported blue-shifted mutations to ChRs did not shift the absorption in
the respective ChR mutants. The counterion complex in proteorhodopsins is composed of
the R94, D97 and D227 and is stabilized by hydrogen bonding to H75 [242]. In contrast,
the C1C2 counterion comprises E162, D292 (corresponding to C2 E123 and D253) and a
near-by water molecule with D292 being closer to the Schiff-base nitrogen than E162 [74]
(see Figure A.1 for positions in model structure). As a result, the Schiff base is stabi-
lized by differentially arranged counterions in the two protein classes. Furthermore, the
protein environment facing the retinal-polyene chain and the β-ionone ring are diversely
tuned. Thus, the complexity of protein-retinal interactions in retinal proteins limits the
transferability of color-tuning mutations between different protein classes. Even within
the group of closely related ChRs, single amino acid exchanges may result in different
phenotypes. For example, exchange of F226 by tyrosine induces a 10-nm blue-shift in
V1, but the corresponding mutation does not affect the spectral characteristics of C2
[88]. Likewise, the C2 mutants I131V and I131L do not exhibit a spectral shift as re-
ported for the ChIEF variant [80]. Interestingly, both the C2 T165A and the C2 S166A
mutant show a bathochromically shifted activation maximum that can be explained by
removal of polar side chains close to the ring system. Nevertheless, similar exchanges
have also been reported to induce hypsochromic shifts due to bent retinal conformations
disrupting retinal planarity [240]. Moreover, in the alanine mutants water molecules
might replace the side chains of the more voluminous residues and the hydrogen network
of the surrounding residues may reorientate. None of the mutations introduced in helix
seven close to the counterion residue D253 affects the C2 action spectrum either. Taken
together, no blue-shifted C2 variant was obtained by single mutagenesis. This may indi-
cate that C2, V2 and related blue-light absorbing ChRs have already been optimized for
low-wavelength absorption without affecting the channel function. Notably, most single
mutants exhibit dramatically reduced C2 photocurrent sizes (see Table 5.1) which is due
to less effective protein folding and reduced protein stability. The dramatic effect of an
exchange in the retinal-binding pocket on protein stability and retinal binding has been
extensively described for mutations at the C2 T159 position [109].
Next, the creation of a yellow-absorbing ChR with superior expression level compared
to V1 was pursued. Early approaches of enhancing the V1 surface expression were
performed by fusion with different targeting sequences. Introduction of an ER export
signal and a signal peptide previously described to enhance NpHR expression (see section
3.5.5) improved photocurrents by a factor of two [137, 88, 108]. Similarly, introduction of
H129R, the corresponding residue to H134R in C2, resulted in two-fold higher transient
currents [88]. Since the resulting V1 variants are not sufficiently well expressed to drive
action potentials in neurons at moderate light intensities, the chimera approach was
transferred to V1. First chimeric proteins were constituted of V1 with either one or
two helices replaced by the corresponding C2 or V2 helices. Chimera featuring helices
three and four of C2 or V2 (V1C2 223 and V1V2 223) exhibited up to two-fold enhanced
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currents due to better membrane integration [88, 87]. While these chimera showed
similar action spectra to V1 with an even red-shifted shoulder, exchange of helices six
and seven (V1V2 52) resulted in a drastic blue-shift of the spectrum to ≈ 460 nm [88].
Thus, the last two V1 helices are crucial for its red-shifted activation. Accordingly,
chimera combining two to five N-terminal helices of C2 and V2 with C-terminal V1
helices were tested [87, 88]. However, these combinations yielded througout unfunctional
proteins. Next, Matthias Prigge designed chimera with a similar architecture to the
previously described C1C2 chimera [78, 80, 79, 87]. The C1V1 52 chimera exhibits
strongly improved membrane targeting, but features only small photocurrents [87]. In
contrast, the C1V1 25 chimera that consists of the two N-terminal C1 helices and the
latter five from V1 combines both excellent membrane targeting with stongly enhanced
photocurrents (see Figures 5.3 and 5.4B). C1V1 25, also referred to as C1V1, retains the
spectral characteristics of V1 and exhibits maximal activation at 536 nm. Consequently,
it allows for sufficient membrane depolarization to drive action potentials in cultured
hippocampal neurons even with red light activation at 620 nm (Figure 5.4E). Hence,
C1V1 constitutes the first high-perfomance ChR that allows for neuronal activation with
yellow light. In order to understand the superior expression level of C1V1 in comparison
to C1, C2 and V1, several aspects should be taken into account. The N-terminus of C1
features 39 additional amino acids when compared to C2 (44 compared to V1). Out of
these, residues 1-24 have been reported to be processed as a signal peptide [74]. Moreover,
while the N-terminal sequences of C1, C2 and V1 feature one conserved glycosylation
site, the C1 sequence contains an additional glycosylation site that just preceeds its first
transmembrane helix (N82, G83, T84) [73]. Combination of the C1 N-terminus with
C2 helices resulted in improved membrane targeting of five out of six chimera that were
tested by the Yawo group [78]. Thus, the additional N-terminal amino acids found in
the C1 sequence may provide better channel targeting, possibly via the signal peptide
or the second glycosylation site. Furthermore, the C1V1 sequence features C198 at the
corresponding position to T159 in C2. The C2 T159C mutation has been described to
show three- to tenfold enhanced photocurrent amplitudes, probably caused by higher
protein stability and improved retinal binding [99, 109]. A similar effect in C1V1 may
explain its high photocurrents. Also, C198 may partially contribute to the more than
three-fold decelerated off-kinetics that is found in both V1 and C1V1 when compared to
C1 and C2.
Consecutively, C1V1 was further fine-tuned by site-directed mutagenesis (for mutated
residues in C1V1 see Figure 5.5A). The mutational screen aimed for both blue- and red-
shifted C1V1 variants as well as fast and slow mutants. Out of the tested mutants, two
show significantly red-shifted absorption and might be better suited for combinational
experiments with C2. The effect of the E122T mutation is rather unclear, since in both
in the C1C2 X-ray structure as well as in the C1V1 homology model E122 constitutes a
residue of the inner gate that is more than 8 A˚ away from the retinal chromophore and
can thus only indirectly influence its absorption [74]. The red-shift seen in the L221T
mutant can be explained by introduction of the electronegative oxygen of the tyrosine
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close to the β-ionone ring of the retinal. While C1V1 E122T features similar kinetic
parameters when compared to C1V1, C1V1 L221T shows 2.4-fold accelerated kinetics
that go along along with 2.6-fold reduced photocurrents. Thus, C1V1 E122T is the
best suited ChR featuring yellow-light absorption with moderate off-kinetics and C1V1
L221T might be best suited for fast depolarization with yellow light.
The mutational screen also revealed blue-shifted C1V1 mutants. The action spec-
trum of the corresponding ChETA mutant C1V1 E162T is slightly hypsochromically
shifted to 532 nm. Notably, in DChR1 from Dunaniella salina the A178E mutant is
maximally activated at 510 nm, whereas the spectrum of wt DChR1 that features a non-
polar alanine at the ChETA position peaks at 475 nm [26]. Inversely, introduction of the
ChETA mutation E123T in C2 induces a bathochromic shift of 22 nm (see section 5.2.1
for C2 mutant data and Figure A.1 in the Appendix for wt counterion residues). Taken
together, the spectral effects of the ChETA replacements indicate that the counterion
complex is differentially arranged in various ChRs and that the interaction of E162/A178
in C1V1/DChR1 with the Schiffbase might feature structural similarities. Besides the
different color-shifts induced by ChETA replacements, both C2 and C1V1 ChETA mu-
tants exhibit strongly accelerated off-kinetics. C1V1 E162T is the fastest C1V1 single
mutant and features a characteristic τoff-value of (34± 4)ms.
Even more pronounced than the blue-shift found in C1V1 E162T, maximal activa-
tion of C1V1 S220G is blue-shifted by 12 nm to 524 nm, whereas the mutant’s kinetic
parameters remain unaltered compared to C1V1. In C1C2 the inverse mutation G220S
induces a 13 nm red-shift at neutral pH [88]. Interestingly, the residue at the correspond-
ing position seems to divide microbial rhodopsins into a class of blue-absorbing and a
class of green/yellow-activated proteins. While C1, C2, V2 and Natronomonas pharaonis
sensory rhodopsin II (maximal activation at 497 nm) feature a glycine at the respective
position, V1, BR, NpHR and xanthorhodopsin from Salinibacter ruber (maximal activa-
tion at 560 nm) possess a conserved serine residue [74, 65, 53] (the corresponding residues
are highlighted in light blue and green in the alignment of Figure 3.3). The only excep-
tion is given by MChR from Mesostigma viride that is activated by green light (531 nm)
despite displaying a glycine residue [72]. Therefore, this position should be considered
whenever searching for color-shifted microbial rhodopsins. Out of all C1V1 mutants
C1V1 S220G is the most blue-shifted and constitutes a well-suited ChR for green-light
induced depolarization with moderate kinetics.
In order to create a fast C1V1 variant, double and triple mutants were tested (see
Figures 5.5A and 5.6). Combination of C1V1 E122T with G196I V197A lead to 35%
faster off-kinetics compared to the single mutant. Both G196 and V197 are neighboring
residues of C198 - corresponding to C2 T159 - in the close vicinity of the β-polyene chain
and might be involved in transduction of conformational changes of the retinal to the
protein moiety. The fastest C1V1 mutant is C1V1 E122T E162T, that combines the red-
shifted central gate mutant with the ChETA variant. C1V1 E122T E162T, which is also
referred to as C1V1 ET ET, shows a typical τoff-value of (19± 1)ms, while maintaining
the high current amplitude of C1V1. Both C1V1 E122T G196I V197A and C1V1 E122T
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Figure 6.1.: Structural model depicting the active site and the DC-gate of C1C2 (pdb:3ug9) [74].
Respective C1C2 residues are labeled in black and the corresponding C2 residues are labeled in red.
Numbering of C1V1 residues is equal to C1C2 residues. T198 in C1C2 is replaced by C198 in C1V1.
C2 C128 is proposed to be hydrogen-bonded to C2 T127 that directly interacts with the deprotonated
form of C2 E123 [107]. C2 C128 and C2 D156 are suggested to be hydrogen-bonded via an interjacent
water molecule that fills the gap between the residues during MD simulations [107]. T159 may form an
intrahelical hydrogen bond with the main chain of C2 S155, however this interaction is not visible in the
C1C2 structure [107].
E162T display maximal activation at 535 nm similar to C1V1.
To complement the available ensemble of red-shifted ChRs, slow-cycling C1V1 vari-
ants were designed and characterized in close cooperation with Matthias Prigge (not
shown in the results section). Combination of C1V1 E122T and C1V1 S220G with the
corresponding SFO mutation C167S yielded two decelerated variants with characteristic
τoff-values of (4.2± 1.8) s and (4.7± 1.2) s [87]. In contrast, introduction of D195A (at
the corresponding position to C2 D156) in the C1V1 background did not alter the photo-
cycle kinetics (τoff ≈ 90ms) [87]. The reduced slow-down by introduction of mutations
at position C167 (only 40-fold) and the abscence of an effect of D195 mutations may be
due to altered interactions of the ”DC-gate” residues in the presence of C198 (see Figure
6.1 for structural model). In C2 and C1C2, molecular dynamics simulations predict that
C2 C128 and D156 are hydrogen-bonded via an interjacent water molecule [107]. Al-
though in these simulations T159 does not directly interact with C128 or D156, it forms
a hydrogen bond to the side chain of the neighboring S155 residue [107]. Thus, replace-
ment of T159 by cysteine may lead to reorientation of the hydrogen bonding network,
thereby strongly affecting the efficiency of coupling of the retinal isomeric states to the
protein. Coupling of C2 C128 to the active site has recently been proposed to be medi-
ated via a hydrogen bond between C128 and T127, whereas T127 directly interacts with
the side chain of the counterion residue E123 (Figure 6.1) [107]. Experimental evidence
for the importance of the residue at position T159 for the orientation of the DC-gate
residues comes from experiments that combine C2 C128S with the T159C mutation. In
the double mutant τoff-values are in the range of 4 s compared to 106 s in the single SFO
mutant (C2 C128S) [87]. For a further understanding of the proposed DC-gate residues,
exchange of C1C2 T166, C167, D195 and T198 would be interesting, because structural
information available for the chimera may facilitate interpretation of the mutant data.
C2-derived SFOs can be effectively deactivated with yellow light, but channel closure
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is also triggered by UV light of 380 nm to 400 nm [102, 220, 87]. In contrast, inactiva-
tion experiments of C1V1 E122T C167S show efficient deactivation only with UV/blue
light between 380 nm and 430 nm [220, 87]. Potentially triggered backreactions with
yellow light are overlaid by C1V1 activation at these wavelengths. The spectral over-
lap of dark-adapted C1V1 and the C1V1 conducting state(s) is supported by recently
measured C1V1 action spectra that exhibit broadening and an additional red-shifted
peak following prolonged activation for 450ms [243]. In V1, dark-adapted D540 is light-
converted to the early photointermediate P600 (appearing on a similar timescale than
P500 in C2) that preceeds the blue-shifted conducting state [38]. Due to spectral broad-
ening the peak absorption of the V1 conducting state has not yet been assigned [38].
To understand the spectral characteristics of the underlying photocycle intermediates,
time-resolved UV-vis absorption spectroscopy on purified C1V1 mutants is needed. In
the present work, C1V1 was expressed in Cos cells and tested for purification by affinity
chromatography via the 1D4-tag. Successful protein expression was shown by western
blotting using the 1D4 antibody (not shown). However, purification of native C1V1 failed
since the retinal chromophore was lost during the purification procedure. Very recently,
C1V1 could be purified from HEK 293T cells by Benjamin Krause. Using a purification
protocol from the Tom Sakmar Lab (Rockefeller University, New York), he obtained
pure C1V1. Dark-adapted C1V1 exhibited peak absorption at 504 nm at neutral pH
(personal communication with Benjamin Krause) and is thus slightly blue-shifted when
compared to electrophysiological peak activation. Notably, absorption spectra of V1 are
blue-shifted to ≈ 500 nm at both acidic pH and after prolonged illumination [38]. Future
spectroscopic experiments will allow for identification of pH-dependent states and pho-
tointermediates of C1V1. Moreover, analysis of C1V1 mutants may reveal the functional
role of single residues for color-tuning and channel kinetics. Last, UV-vis spectroscopy
on C1V1 SFOs is crucial to understand the multi-photon processes that determine their
step-function behavior and constitutes the basis for ratioanl design of experiments using
combinations of C1V1- and C2-derived slow variants.
Using the chimera approach and further fine-tuning by mutagenesis, we created yellow-
activated ChR variants that show excellent membrane targeting and high photocurrents
in HEK cells. Action maxima of these variants range from (524± 1) nm to (542± 2) nm
and kinetic variants featuring τoff-values between (19± 1)ms and (4700± 1200)ms are
available. In the following, the ensemble of blue to yellow-light activated ChRs is summa-
rized and first applications that use C1V1 in combination with C2 variants are presented.
6.1.2. Combination of C1V1 variants with blue-light activated ChRs
The repertoire of available ChRs exhibiting high photocurrents in HEK cells is com-
plemented by blue-light activated C2 variants. These comprise the Catch mutant (C2
L132C) and its combination with T159C (C2 L132C TC, Catch+) that are characterized
by their positively shifted reversal potentials and extraordinarily high stationary currents
(see section 5.2.4). For fast membrane depolarization, C2 T159C and combinations with
the ChETA mutations are favorable. C2 T159C E123T does not only support rapid
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Figure 6.2.: Characteristics of available multi-color ChRs [87]. A Action spectra of four selected
high-performance ChRs. Maximal activation occurs at (461± 1) nm, (492± 2) nm, (524± 1) nm and
(542± 2) nm for C2 L132C, C2 E123T T159C, C1V1 S220G and C1V1 E122T, respectively. B Peak
amplitudes for multi-color variants classified according to their photocycle kinetics. Horizontal grey lines
indicates C2 current amplitude. Please note that C1V1-derived variants may exhibit greater amplitudes
when using the C1V1 B background. C Current response to repetitive light trains for C2 E123T T159C.
The double mutant combines very rapid kinetics with high photocurrents. For comparison to fast C1V1
variants see Figure 5.6.
channel opening/closing, but also features voltage-independent photocycle kinetics (Fig-
ure 6.2C). C2-derived SFOs imply C2 C128T and C2 E123T C128T that exhibit similar
closing rates when compared to the C1V1-derived SFOs C1V1 C167S S220G and C1V1
E122T C167S. Interestingly, despite displaying the ChETA mutation C2 E123T C128T
displays ≈ 70% slower off-kinetics than the C2 C128T single mutant. Another potent
blue-light activated SFO is the C2 L132C D156N double mutant characterized by its
high light sensitivity (data not shown). Table 6.1 and Figure 6.2 summarize important
characteristics of selected multi-color ChRs with high potential for applications.
Ofer Yizhar and Lief Fenno were the first to perform two-color optogenetic experiments
with C1V1 and C2 variants. Using two different promotor systems they showed that
C1V1 E122T E162T and C2 H134R activation independently drives action potential
firing in cortical pyramidal and parvalbumin-expressing neurons following light pulses
at 405 nm and 560 nm [108]. Moreover, they examined the combinational effect of C1V1
and C2 SSFO (C2 C128S D156A, ultraslow variant) on rhythmic activitiy in acute brain
slices and showed independent axonal activation of two converging excitatory pathways
[108]. At last, C1V1 E122T E162T expressed in excitatory neurons in combination
with C2 SSFO expressed in inhibitory neurons were used to analyze the effect of the
excitation/inhibition balance on cognitive and social functions in freely moving mice
[108].
Similarly, Carrie Shilyansky coexpressed C1V1 E122T E162T with C2 L132C T159C
(Catch+) in cultured hippocampal neurons [87]. At light intensities < 1mW/mm2 C1V1
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mutant λmax / nm I p / pA τoff / ms
intermediate kinetics
C2 L132C 461± 1 2550± 600 51± 5
C2 L132C T159C 460± 1 2930± 180 240± 30
C1V1 S220G 524± 1 1580± 350* 110± 20
C1V1 E122T 542± 1 1020± 120* 100± 10
fast kinetics
C2 T159C 463± 1* 2340± 390* 18± 2
C2 T159C E123T 492± 2* 1360± 220* 7± 1*
C1V1 E162T 532± 1 680± 110* 34± 4
C1V1 E122T E162T 535± 1 1190± 230* 19± 1
C1V1 L221T 542± 1 490± 100 46± 3
slow kinetics
C2 C128T 465± 6* 810± 140* 1400± 100*
C2 E123T C128T 485± 7* 850± 120* 2400± 800*
C1V1 S220G C167S 528± 4* 180± 60* 4700± 1200*
C1V1 E122T C167S 537± 5* 410± 60* 4200± 1800*
Table 6.1.: Overview of high-performance ChRs with activation maxima between 460 nm and 540 nm.
Variants with fast, intermediate and slow kinetics are available. Values indicated by a star were deter-
mined with major contributions of Matthias Prigge. All other values were determined in the present
work.
ET ET-expressing neurons could be independently activated from those neurons express-
ing Catch+ (see Figure 6.3A, B) [87]. However, using activation light of 8mW/mm2 or
higher spiking probability following 405 nm light pulses was similar for both neuronal
populations, whereas light activation at 560 nm remained specific for C1V1 ET ET-
expressing cells [87]. Accordingly, light intensity is crucial for independent neuronal
activation, especially at the blue edge of the respective action spectrum. Both Ofer
Yizhar and Carrie Shilyansky showed that C1V1 can reliably elicit action potentials at
20Hz and might be used for episodic stimulation at frequencies up to 50Hz (see Figure
6.3 C) [108, 87].
Next, Karen Erbguth tested a variety of red-shifted ChRs for functional expression in
C. elegans [244]. Out of the tested variants C1V1 ET ET exhibited the highest expres-
sion level both in body-wall muscles and neuronal cells. Green light activation of C1V1
ET ET in body-wall muscles induced muscle contractions going along with body-length
reduction by 9%. Contractions could be counteracted by UV light-induced activation
of C2 H134R in GABAergic motor neurons. Nevertheless, purely independent activa-
tion of cells expressing C2 H134R and C1V1 ET ET was not possible using moderate
light intensities. To minimize activation of C1V1 ET ET using UV light (400 nm) the
high-efficiency variant C2 H134R T159C that displays an enhanced expression level and
thus can be activated with lower light intensities was employed as a second actuator.
By coexpression of C2 H134R TC in GABAergic motor neurons and C1V1 ET ET in
cholinergic motor neurons body length could be independently regulated by application
of either UV/blue or yellow light. Thus, C1V1 ET ET and C2 H134R TC are well-suited
for two-color photostimulation and can be used to trigger opposing behaviors e.g. body
contraction/ elongation in C. elegans in vivo.
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Figure 6.3.: Two-color activation of cultured hippocampal neurons [87]. All presented experiments
were performed by Carrie Shilyansky (Deisseroth group, Stanford University). Light intensity was
0.875mW/mm2. A In C1V1 ET ET-expressing cells action potentials are successfully triggered by
560 nm light pulses, but not by 405 nm light. B Inversely, APs are exclusively elicited at 405 nm in
Catch+-expressing cells. C C1V1 ET ET activation can induce AP firing at frequencies up to 50Hz.
In the following, C1V1 and C1V1 mutants were tested for two-photon activation with
infrared light (1040 nm) [245]. Since C1V1 variants combine high two-photon cross-
sections with large photocurrents and moderate off-kinetics, C1V1-mediated membrane
depolarization outperforms depolarization via C2 H134R evoked with comparable two-
photon activation protocols [245, 246]. Using the superior 3D resolution of two-photon
stimulation, C1V1 E122T was successfully applied to selectively activate small dendritic
regions and individual spines in brain slices [246]. Two-photon activation of C1V1 vari-
ants thus constitutes an effective method to induce membrane depolarization, thereby
allowing for deeper tissue penetration than conventional one-photon ChR activation.
6.1.3. Perspective on color-tuning
Design of new ChRs by the chimera approach and additional site-directed mutagenesis
generated a variety of high-performance ChRs that have been succesfully combined in
two-color optogenetic experiments. Nevertheless, additional optogenetic actuators that
display altered properties such as a further red-shifted activation or a faster photocycle
may broaden the optogenetic horizon. Furthermore, expression level and functionality
of the respective optogenetic tool strongly depends on the target-cell type and organism
and thus the optimal ChR has to be elucidated prior to each application.
Using a similar strategy as for C1V1, John Y. Lin recently created the chimeric ChR
”ReaChR” [247]. ReaChR is a V1-based ChR that features the N-terminus of C1, the
sixth helix from V2 and the corresponding ChIEF mutation L171I [247]. Accordingly,
ReaChR is maximally activated at ≈ 520 nm and is thus slightly blue-shifted when
compared to V1 and C1V1 [247, 243]. Notably, ReaChR displays enhanced membrane
trafficking in HEK cells [243] and shows superb expression in hippocampal slice cultures
(personal communication with Thomas Oertner). Moreover, ReaChR purification from
HEK 293T cells yields high amounts of pure protein (recent experiments by Benjamin
Krause) and ReaChR should be considered as a potential target for spectroscopy and
crystallization of a red-shifted ChR. Furthermore, site-directed mutagenesis of ReaChR
may allow for creation of color-shifted and kinetically tuned variants with high potential
for neuroscientific applications. Taken together, ReaChR constitutes a green-light ac-
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tivated ChR with similar biophysical properties to C1V1, but with superior expression
level in selected target systems.
By taking part in a recent algae genome project, Nathan Klapeotke and coworkers
identified a number of new ChR sequences including opsin genes from Chloromonas sub-
divisa, Chlamydomonas noctigama, Stigeoclonium helveticum, Neochlorosarcina sp. and
Heterochlamydomonas inaequalis [76]. When expressed in hippocampal neurons nine
tested ChRs display inward-directed photocurrents with very different current ampli-
tudes [76]. Out of these, two ChRs are of special interest for neuroscientific applications.
The ChR of Chlamydomonas noctigama, which is also referred to as ”Chrimson”, shows
maximal activation at ≈ 590 nm and represents the most red-shifted ChR identified
so far [76]. Chrimson-mediated photocurrents are comparable in size to C2 currents,
thereby being smaller than photocurrents of high-performance ChRs such as Catch+ or
C1V1 [76]. A closer study of the retinal binding pocket of Chrimson may reveal the
molecular determinants that cause the spectral shift. The responsible residues should
be introduced into potent ChR variants such as C1V1 or ReaChR to combine both high
expression level and orange absorption. The second interesting variant is given by the
ChR of Stigeoclonium helveticum, so-called ”Chronos”, that represents a green-light ac-
tivated ChR with ultrafast photocycle kinetics (τoff <5ms) [76]. Chronos displays large
photocurrents and can be used to precisely elicit action potentials using 5ms light pulses
of 100  W/mm2 [76]. While both Chrimson and Chronos might be used for light-induced
membrane depolarization, a closer look into their respective amino acid sequences will
help to understand the molecular principles that determine ChR properties.
An alignment comparing the amino acid sequence of Chronos and Chrimson to the
respective C2 sequence is shown in Figure 6.4. Both Chronos and Chrimson sequences
contain characteristic conserved ChR residues including the glutamates in helix two, the
Schiff-base lysine, the counterion asparagine (corresponding to C2 D253) and the leucine
at the Catch position (C2 L132). However, several key residues are exchanged in their
sequences (see red and blue arrows in Figure 6.4 for interesting exchanges). In Chrim-
son, the crucial inner gate histidine (C2 H134) is replaced by a lysine residue (Chrimson
K176) which potentially results in distinct ion selectivity and inward rectification in the
red-shifted ChR. Even more astonishing, the Chrimson sequence features a cysteine at
position 198 (C2 D156) of the DC-gate. This residue has been proposed to be the primary
proton donor in ChRs [91] which can be excluded in Chrimson. The neighboring M201
(corresponding to T159) may affect retinal binding and ion selectivity. The correspond-
ing C2 T159M mutant displays small photocurrents with significantly shifted reversal
potentials for both early and stationary photocurrents [224]. In respect to color-tuning
it should be mentioned that Chrimson features a serine (S223) at the corresponding
position to C1V1 S220 and two alanines (A207, A208) at the corresponding positions to
C2 T165 and S166 close to the β-ionone ring of the retinal. Moreover, several aromatic
residues of helix six are replaced by more polar tyrosine residues in Chrimson (Y259,
Y261, Y268) including the corresponding residue to C2 F226. Homology modeling of
the Chrimson retinal binding pocket may reveal further crucial residues for color-tuning.
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C2        -----MDYGGALSAVG---------RELLFVTNPVVVNGSVLVPE--------------D 32 
Chronos   -METAATMTHAFISAV---------PSAEATIRGLLSAAAVVTPA--------------A 36 
Chrimson  MAELISSATRSLFAAGGINPWPNPYHHEDMGCGGMTPTGECFSTEWWCDPSYGLSDAGYG 60  
      TM1 
C2        QCY--------------CAGWIESRGTNGAQTASNVLQWLAAGFSILLLMFYAYQTWKST 78 
Chronos   DAHGETSNATTAGADHGCFPHIN-HGTELQHKIAVGLQWFTVIVAIVQLIFYGWHSFKAT 95 
Chrimson  YCFVEATGGYLVVGVEKKQAWLHSRGTPGEKIGAQVCQWIAFSIAIALLTFYGFSAWKAT 120 
            TM2           TM3 
C2        CGWEEIYVCAIEMVKVILEFFFEFKNPSMLYLATGHRVQWLRYAEWLLTCPVILIHLSNL 138 
Chronos   TGWEEVYVCVIELVKCFIELFHEVDSPATVYQTNGGAVIWLRYSMWLLTCPVILIHLSNL 155 
Chrimson  CGWEEVYVCCVEVLFVTLEIFKEFSSPATVYLSTGNHAYCLRYFEWLLSCPVILIKLSNL 180 
                  TM4         TM5 
C2        TGLSNDYSRRTMGLLVSDIGTIVWGATSAMATGYVKVIFFCLGLCYGANTFFHAAKAYIE 198 
Chronos   TGLHEEYSKRTMTILVTDIGNIVWGITAAFTKGPLKILFFMIGLFYGVTCFFQIAKVYIE 215 
Chrimson  SGLKNDYSKRTMGLIVSCVGMIVFGMAAGLATDWLKWLLYIVSCIYGGYMYFQAAKCYVE 240 
                  TM6                                 TM7 
C2        GYHTVPKGRCRQVVTGMAWLFFVSWGMFPILFILGPEGFGVLSVYGSTVGHTIIDLMSKN 258 
Chronos   SYHTLPKGVCRKICKIMAYVFFCSWLMFPVMFIAGHEGLGLITPYTSGIGHLILDLISKN 275 
Chrimson  ANHSVPKGHCRMVVKLMAYAYFASWGSYPILWAVGPEGLLKLSPYANSIGHSICDIIAKE 300 
 
C2        CWGLLGHYLRVLIHEHILIHGDIRKTTKLNIGGTEIEVETLVEDEAEAGAV- 309 
Chronos   TWGFLGHHLRVKIHEHILIHGDIRKTTTINVAGENMEIETFVDEEEEGGV-- 325 
Chrimson  FWTFLAHHLRIKIHEHILIHGDIRKTTKMEIGGEEVEVEEFVEEEDEDTV-- 350 
Figure 6.4.: Amino-acid alignment of C2, Chronos and Chrimson. Helical structures (corresponding to
the C1C2 structure) are colored in light blue, β-sheet-like motifs are depicted in yellow [74]. Character-
istic charged residues in helix 2 are highlighted in red color, other important ChR residues are colored
in purple. Additionally, corresponding residues to the BR proton donor (C2 E123), proton acceptor (C2
H134), Schiff-base lysine (C2 K257) and counterion residues (C2 D253) are shown in green. Blue and
red arrows indicate interesting amino-acid exchanges in Chronos and Chrimson, respectively.
Taken together, Chrimson is not only interesting due to its extraordinarily red-shifted
absorption, but should also be investigated in the context of channel gating (DC-gate,
inner gate) and ion selectivity.
The sequence of the fast-cycling Chronos is characterized by a methionine residue at
the ChETA position of the counterion complex (corresponding to C2 E123). In naturally
occuring ChRs only glutamate and alanine residues had previously been found at the
corresponding position [26]. Methionine replacements should be taken into account to
produce fast-cycling mutants e.g. on the C2 T159C, C1V1 or ReaChR background. In
addition, the corresponding residue to C2 T159 is occupied by a asparagine in Chronos,
thus the kinetic effect of this replacement should also be investigated in more detail.
Since Chronos belongs to the group of blue/green-light absorbing ChRs, it is only of
minor interest for color-tuning projects.
Future color-tuning approaches should consider the ensemble of available ChR vari-
ants both as a theoretical and experimental basis. Bioinformatic sequence comparisons
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together with molecular modeling of the retinal binding pocket of different ChRs will
enable the identification of the molecular determinants involved in retinal-absorption
tuning. A 3D structure of a red-shifted ChR variant would greatly facilitate the search
for such structural elements. In addition to rational design, identification of new ChR
genes in genomic screens may reveal ChRs with altered absorption properties.
6.2. Gating and ion selectivity in ChRs
Ion channels are an ubiquitous group of membrane proteins that selectively mediate
ion flux via a membrane-spanning water-filled pore. Thereby, ion channels control the
flow rate of individual ion species and precisely regulate opening and closing of the
respective ion-permeation pathway (gating). Highly selective channels e.g. potassium or
sodium channels contain so-called selectivity filters determining the kind of transported
ions. These selectivity filters represent the narrowest part of the pathway and adopt
conserved symmetrical structures that specifically bind one ion specie e.g. by mimicking
the hydration shell of the respective ion [248]. Transitions between conductive and
non-conducting states and vice versa are regulated by structurally distinct domains that
sense external stimuli such as ligand-binding, deviations in membrane voltage, membrane
distortion or protein-protein interactions. Upon signal detection, conformational changes
are propagated from the sensor domain to the ion-permeation pathway. Channel gating
may occur at the selectivity filter or at other specialized regions of the pathway.
Although selectively mediating cation fluxes in a temporally precise manner, chan-
nelrhodopsins differ from other ion channels in several respects. First of all, ChRs are
directly regulated by light, therefore isomerization of the retinal chromophore triggers
conformational changes involved in ChR gating. Second, despite functional dimeriza-
tion of ChRs, ion permeation is assumed to take place in each monomeric subunit [74].
Thus, symmetrically ordered selectivity filters are unlikely to play a role in ChRs. When
compared to other ion channels, ChRs feature a very low single channel conductance
which has been estimated to be in the range of 40 fS to 90 fS for C2 by Feldbauer
et al. and to be ≈ 1100 fS for C2, C1C2 and ChIEF (C1C2 V170I) by Lin et al.
[83, 80]. But, the eyespot of green algae reflects a small compartment where few trans-
ported charges may dramatically influence both local membrane potential and ionic
composition. Moreover, ChR-mediated depolarization may induce additional activation
of secondary voltage-gated calcium channels that are present at low copy numbers in
the eyespot, but exhibit higher single channel conductances, thereby allowing for sig-
nal amplification [22, 23]. Since single point mutations can induce channel activity in
light-activated proton pumps [249, 250], ChRs may have evolved from microbial proton
pumps (”leaky proton pumps”). In a recent publication, Sineshchekov and coworkers
distinguish between naturally-occuring low-efficiency ChRs that display some residual
proton-pumping activity and high-efficiency ChRs without detectable proton movement
[251]. In the present work, structural elements that line the potential ion-permeation
pathway of ChRs were mutated and the respective mutants were studied by whole-cell
patch-clamp recordings. A special focus was laid on ion selectivity of selected mutants.
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In addition, some general aspects of ChR photocurrents including inward rectification
and ion competition were analyzed. Last, an enzyme-kinetic model was used to quanti-
tatively describe cation flux of three prominent ChR variants.
6.2.1. The ion permeation pathway
ChR primary sequences contain a number of conserved charged and polar residues in
helix two that appear with a 7-amino acid periodicity [75]. In C2, these are represented
by five glutamates (E82, E83, E90, E97 and E101), one lysine (K93) and a cysteine
residue (C87). Charged residues are unlikely to face towards the aliphatic lipid chains
and are therefore thought to be orientated towards the protein interior. Replacement of
the respective residues yields reduced photocurrents in all tested mutants except for the
K93S mutant. Tested double and triple replacements result in 18- and 55-fold reduced
photocurrents, respectively. Nevertheless, replacement of single glutamates still allows
for cation transport, only with reduced efficiency. Together, these results indicate that
the negatively charged glutamates and C87 are directly involved in cation binding and are
thus part of the ion-permeation pathway. A recent MD simulation of the C2 structure
suggests that charged residues of the second helix favor binding of water molecules
[107]. Resultingly, the simulation does not only predict a continuous water distribution
at the extracellular side of the central gate restriction, but also on the cytosolic side
close to C2 E82, C2 E83, H134 and H265 [107]. In order to adress the interaction
of the charged residues with the retinal, action spectra were analyzed. Out of the
tested mutants C2 E97Q TC and C2 E101Q TC show slightly bathochromically shifted
action spectra with peak activation at 466 nm. Accordingly, both potentially negatively
charged glutamates influence the electrostatics of the retinal, possibly by stabilizing the
protonated Schiff base. Combination of both glutamate exchanges does not further shift
the action spectrum, suggesting that only one of the two glutamates is deprotonated
at a time in wt C2. In comparison to the spectral shift of the ChETA mutant C2
E123Q TC, that is shifted by 22 nm when compared to wt C2, the spectral effects of
the single mutants C2 E97Q TC and C2 E101Q TC are only minor, suggesting long-
range interactions of the two residues with the retinal. Interestingly, replacement of E83
does not shift the action spectrum in C2, while exchange of the corresponding residue in
C1V1 (E122) causes a 6 nm-shift (see section 6.1.1). Hence, the glutamates and especially
E83/E122 might be differentially ordered in C2 and C1V1.
Based on the electrophysiological data and molecular dynamics simulations by Hiroshi
Watanabe and Kai Welke (KIT Karlsruhe), two structural models of C2 were developed.
Both models orientate the charged residues of helix two towards the protein interior and
suggest the ion-conducting pore to be formed between helices two, three and seven [75].
The models differ in the arrangement of helix two, which is shifted to the intracellular
side by two helical turns in model B [75]. Model A positions E90 in close proximity to the
counterion complex and was later on confirmed by the C1C2 X-ray structure [75, 74]. In
dark-adapted C1C2 the side chain of E129 (corresponding to C2 E90) is situated between
the carboxylate groups of the counterion residues and the side chains of N297 (C2 N258)
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and S102 (C2 S63) as depicted in Figure 5.7C for C2. Kato et al. suggest that C1C2
S102, E129 and N297 form a crucial constriction site for ion permeation and that these
residues have to reorientate during conducting state formation in order to allow cation
flux (central gate, see Figure 3.4B). Notably, in DChR1 the corresponding residue to C2
S63 is replaced by a cysteine (see Figure A.1) [107]. Together with replacement of the
counterion glutamate by an alanine residue, this exchange might be crucial for the high
proton selectivity found in DChR1 [26].
An additional constriction site was proposed to lie at the cytoplasmic protein surface
with possible involvement of C1C2 Y109 (inner gate, see Figure 3.4B). Due to differential
arrangement of the corresponding Y70 in C2, E82, E83 and H134 are considered to be
part of the inner gate in C2 as well (see Figure 5.7A, B). Interestingly, recent structural
simulations propose that C2 E82, E83, H134, H265 and R268 form a binding site for
Na+ in the dark-adapted C2 structure [107]. A second Na+ binding site is suggested
to consist of S52, E56 and E97 at the extracellular part of the ion permeation pathway
[107]. The present work analyzes selected central and inner gate residues and validates
their impact on gating and ion selectivity.
Most inner and central gate mutants allow open state formation, but all tested mutants
exhibit lower photocurrents. For the mutations at position C2 H134, photocurrent sizes
are reduced by factors of 2.5 to 11 depending on the type of replacement. Moreover, C2
Y70F TC mediates slightly reduced currents, whereas C2 Y70S TC only displays small
currents in the range of 300 pA (personal communication with Jonas Wietek). Similarly,
replacement of C2 S63 results in current reduction by a factor of 2.1 or more and N258
mutations evoke at least 6.2-fold reduced currents. In C1V1, the effect of central gate
mutations is even more pronounced resulting in very low photocurrents of all tested mu-
tants. C1V1 N297D does not exhibit light-induced currents in our hands. The observed
current reductions could be accounted for by less effective (slower) cation transport at
a single channel level, but could also result from a lower opening propability or faster
channel closing kinetics. Since single-channel recordings on ChRs are not possible due
to low single-channel conductance, this question cannot be unambiguously solved here.
However, these mutations only moderately affect the average kinetics of channel opening
and closing. The H134R mutant shows ≈ 24% slower off-kinetics in HEK 293 cells [87].
While S63 replacements result in similar kinetic modulations, replacement of N258 de-
celerates the off-kinetics by up to a factor of 3.7. Again, effects are more pronounced for
C2 N258 than for C2 S63. Mutational analysis of C2 Y70S TC also showed decelerated
channel closing with an effective τoff-value in the range of 400ms (Jonas Wietek). But
compared to the kinetic effects of the SFO mutations, the above mentioned alterations
seem rather small. Upon retinal isomerization a conformational change is supposed to
be translated from the active site - probably via the DC-gate and C2 T159 - to the
ion-permeation pathway that opens towards the intracellular side (see Figure 6.1 for
proposed hydrogen bonding between counterion and DC gate residues). This conforma-
tional change may involve reorientations of both central and inner gate residues. After
all, our kinetic data supports only indirect involvement of the central and inner gate
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residues in gating.
In contrast, all analyzed residues strongly influence ion selectivity in ChRs. Out of
the inner gate residues, the H134N mutant was studied most intensively in the present
report. Depending on the internal pH, C2 H134N displays positively shifted (pHi =
9.0) or negatively shifted (pHi = 5.0) reversal potentials when compared to C2. This
finding may suggest a higher relative proton conductivity of the mutant. However, when
considering the entire voltage range, protons (especially external protons) inhibit both
inward and outward Na+-mediated currents. The pronounced inhibition by external
protons is interesting, because H134(N) is situated on the cytosolic side of the channel.
Thus, proton release into the cytoplasm may be decelerated in the mutant. Moreover,
inward rectification is diminished in C2 H134N (see Figures 5.11D and 5.12D). A similar
effect is found by replacement of C2 Y70 (Jonas Wietek). Therefore, the inner gate
might be responsible for the ChR-specific inward rectification. Also, C2 H134N changes
the equilibrium between the two open states (see blue current traces in Figure 5.10A).
At external Na+, pHe 9.0, the stationary current exceeds the initial current going along
with strongly decelerated off-kinetics. Two possible explanations are at hand: On the
one hand stationary illumination could lead to accumulation of the first open state O1
that features a high conductivity. On the other hand the second open state O2 might
display an extraordinarily high Na+ conductivity that is only apparent in abscence of
competing protons and Ca2+ ions. Notably, C2 L132C (Catch) also exhibits very low
inactivation, which is present at all analyzed conditions. L132 is located two residues
apart from H134 on helix three, thereby facing away from the gate towards the active
site. L132 may influence ion selectivity by deformation of helix three which in turn
reorientates H134 of the inner gate. Taken together, H134 of the inner gate influences
C2 ion selectivity with considerable effects on ion competition, inward rectification and
the O1/O2 equilibrium.
Consecutively, C2 S63 and N258 of the central gate were analyzed for their impact
on ion conductance. Both residues are in close proximity to the side chain of C2 E90,
a residue whose exchange strongly influences cation selectivity [94, 224, 100]. By re-
placing S63 or N258 in C2 T159C by a negatively charged aspartate residue, the initial
Ca2+ selectivities of the mutants are enhanced by 49% and 36%, respectively. Due to
lower degrees of inactivation, stationary Ca2+ currents are even higher and are increased
by 304% and 186% when compared to C2 T159C. C2 TC N258D displays high Ca2+
transport even at low Ca2+ concentrations, indicating a strong binding affinity in the
double mutant. The increased Ca2+ transport is also apparent in the presence of com-
peting protons as can be seen from Fura-2 measurements at neutral pH. In summary,
the introduction of a second negative charge in the central gate region enhances binding
and transport of divalent cations such as Ca2+. In order to analyze this charge effect
the transport efficiency of other divalent ions e.g. Mg2+ would be interesting. Notably,
introduction of an aspartate residue does not only alter Ca2+ selectivity, but also effects
inactivation and therefore the equilibrium between the two open states (most pronounced
in C2 S63D TC) as well as competition of Na+ and protons (C2 TC N258D).
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Figure 6.5.: Cs+ selectivity of the initial current I0 and stationary current Is of C2. Addition of 140mM
Cs+ positively shifted the respective reversal potentials by ≈ 40mV.
Here, it was shown that selected inner and central gate residues play an important
role in ion selectivity by determining the relative ratios between the conducted cations.
Moreover, replacement of these residues partly abolishes the ChR-characteristic O1/O2
equilibrium that together with accumulation of late photocycle intermediates accounts
for current inactivation. In addition, inner gate mutants cause reduced inward recti-
fication. In order to obtain mutants with even more shifted selectivity ratios, inner
and central gate mutations might be combined in a synergistic manner. But, multiple
mutations often destabilize ChRs, leading to low photocurrent amplitudes. For exam-
ple, creation of a highly selective Ca2+ mutant by combination of C2 TC N258D with
the Catch mutation yielded an unfunctional triple mutant. While electrophysiological
recordings provide complex functional data on the respective mutants, structural im-
plications are difficult to gain. Future spectroscopic investigations may reveal specific
amino acid interactions of the gating residues. Site-specific labeling with unnatural
amino acids may allow for flexibility and distance measurements when comparing dark-
adapted and light-adapted ChRs. But, a profound understanding of the ion conducting
pathway can only be gained from an open-state ChR structure with atomic resolution.
Furthermore, the positions of bound substrate cations are crucial to understand cation
channeling. Since transport of heavier monovalent cations such as Cs+ is comparable to
Na+ transport (see Figure 6.5), crystallization should be considered in the presence of
these ions.
6.2.2. General aspects of ion selectivity
In the following, the presented experimental results are discussed with a special focus
on cation conductance, inward rectification, contributions of the two open states as well
as ion competition. Channelrhodopsins conduct different cations including protons, Li+,
Na+, K+, Ca2+ and guanidinium [18, 36, 37, 80, 79, 86]. Notably, C2 exhibits con-
siderable Cs+ conductivity as depicted in Figure 6.5. Hence, when using Cs+ as a K+
channel blocker in HEK 293 cells, this conductance should be taken into account. In
the present work a symmetrical Cs+ concentration of 1mM was used in all ion selec-
tivtity experiments. Because of similar transport rates for different monovalent cations,
physiologically relevant monovalent cations (Na+ and K+) are commonly regarded as a
single substrate [86, 100]. Likewise, divalent cations have been unified as one ion species.
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But, the here presented ion selectivity experiments reveal very different Ca2+ and Mg2+
conductances. While addition of external Ca2+ results in higher inward photocurrents
and positively shifted reversal potentials for C2, C1V1 and Catch+, the influence of
Mg2+ is quite different. In C2, increase in the external Mg2+ concentration inhibits
both outward and inward currents despite positively shifted reversal potentials. This
effect can be explained by strong binding and slow transport of Mg2+ that prevents
transport of protons and other cations as has earlier been reported for Chlamydomonas
cells [228]. In C1V1 the inhibitory effect is less pronounced, whereas reversal potentials
are also positively shifted upon external Mg2+ addition. Interestingly, variation of the
external Mg2+ concentration between 2mM and 70mM does not significantly affect cur-
rent sizes or reversal potentials in Catch+. This finding might be explained by strong
Mg2+ binding even at low substrate concentrations.
In inward-rectifiying potassium channels cytosolic Mg2+ causes inward-rectification by
blocking channel activity in a voltage-dependent manner. However, in ChRs variation
of the internal Mg2+ concentration does not affect current sizes, reversal potentials and
shapes of current-voltage relationships and Mg2+ can be excluded as the source for inward
rectification. On the other hand, replacement of inner gate residues has been shown to
cause more symmetrical IV curves. Possibly, inward rectification is caused by binding
of a distinct cytosolic blocker at the inner gate or by voltage-dependent reorientation of
the inner gate residues themselves.
ChR photocurrents are mediated by at least two distinct open conformations. Only
by consideration of two open and two or more closed states one can sufficiently explain
channel inactivation, biphasic off-kinetics and recovery kinetics of the peak current [84,
85]. Recently, it was suggested that the two open states differ in their respective retinal
configurations [97]. Notably, the simultaneous presence of two open conformations may
complicate the creation of homogeneous protein crystals necessary to solve an open state
structure. Berndt, Prigge et al. showed that the initial photocurrent I0, mediated by
conductance via the first open state O1 only, and the stationary current Is exhibit distinct
ion selectivity patterns [86]. By analyzing reversal potentials of C2 they found a higher
proton selectivity of Is compared to I0. In the present report, reversal potentials of I0 and
Is are shown to differ by more than 20mV at external high Mg
2+, pHe 9 and external high
Ca2+, pHe 9 (Figure 5.19). In C2, reversal potentials of I0 are generally positively shifted
compared to Is. In order to quantify ion conductance via the two open states an enzyme-
kinetic model was applied that allows for dissection of photocurrents into contributions
by different cations. The used model considers four substates (protons, Na+, Ca2+ and
Mg2+) that compete for external binding and transport to the cytosol. Furthermore, it
is the first study that quantitatively describes current flux via both O1 and O2 using
two distinct transport cycles. The model was successfully applied to reproduce current-
voltage relationsships of C2, C1V1 and Catch+, three ChR variants displaying quite
different ion selectivities (see Figure 5.23). Moreover, it allows for prediction of current
sizes at ionic conditions that were not experimentally tested (Figure 5.27). The model
data sufficiently describes the inactivation process that is caused by equilibration of
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the O1/O2 ratio depending on the applied electrochemical gradient. But, the model
does not consider other factors that determine O1/O2 equilibration e.g. the quality
of the actinic light. Thus, quantitative model-retrieved data is only valid for a set of
given experimental conditions. The here presented model bears another fundamental
limitation. By consideration of inward fluxes only, three free parameters per substrate
and open state have to be calculated. However, physiological cytosolic solutions contain
high amounts of K+ and considerable quantities of Na+ and Mg2+ that will cause ChR-
mediated efflux, especially at depolarizing voltages. To quantitatively describe cation
efflux, the model has to be extended by eight additional kinetic parameters whose explicit
calculation would require additional electrophysiological data.
Some general conclusions on ChR ion selectivity can be drawn from the calculated
cation contributions. Notably, all presented current dissections depict conditions at
−60mV and are thus far from thermodynamic equilibrium. Accordingly, our data pro-
vides information that cannot be obtained from reversal potentials, which have been
used to earlier describe ChR’s ion selectivities. Based on our data the stationary cur-
rent Is is composed of contributions from both O1 and O2 that are comparable in size.
Resulting from the different conductances of O1 and O2, the initial current I0 features
a higher proton selectivity than Is. Inversely, both Na
+ and Ca2+-mediated partial cur-
rents are higher for Is. The discrepancy between the calculated partial currents and
ion selectivities gained from reversal potentials (see Figure 5.28) is explained by voltage
dependency of ion transport that is implemented in our model by a voltage-dependent
reorientation of the empty and loaded binding site [86, 229]. This voltage dependency
also accounts for the intersection of IV curves at different proton, Na+ and Ca2+ con-
centrations (for example curves see Figure 5.16B). At pHe 7.2, protons compete with
Na+ and Ca2+ for reversible binding and transport. In consequence, partial Na+ and
Ca2+-mediated currents are smaller in the presence of external protons as is visualized
for Ca2+ in Figures 5.25B and 5.27A. Interestingly, Mg2+-mediated currents are unaf-
fected by the external proton concentration. This finding might be explained by strong
Mg2+ binding even in the presence of external protons. Titration of the substrate Mg2+
concentration reveals KM values for Mg
2+ transport in the low mM-range that corre-
spond to physiological Mg2+ concentrations. Therefore, under physiological modulation
Mg2+ shows a substantial contribution to both early and stationary ChR currents. The
situtation for Ca2+ is quite different. Ca2+ does not only exhibit strong competition
with proton and Na+ transport, but it also displays unphysiologically high KM values.
Taken together, in the abscence of unlikely high external Ca2+ concentrations of 10mM
or higher, the contribution of Ca2+ ions to the total current will only be minor, even for
the Ca2+-permeative Catch(+) variant. Despite the above mentioned general principles
of ion selectivity, each ChR variant exhibits distinct ratios between the different con-
ducted ions that should be considered when choosing the appropriate ChR for a certain
optogenetic experiment.
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6.2.3. Application of ChR mutants with altered ion selectivity
Different optogenetic applications demand for light-activated ion channels with specific
ion selectivities. ChRs are most commonly used to trigger action potentials. Thereby,
ChRs mimic the threshold depolarization that inactivates K+ channels and results in
activation of voltage-gated Na+ channels. This primary depolarization might be caused
by an action potential in the neighboring membrane region or by opening of postsynaptic
Na+ and Ca2+ channels. For an optimal imitation of postsynaptic action potential
initiation ChRs selective for Na+ and Ca2+ would be favorable. Such variants would
minimize the side effects of ChR-induced intracellular acidification. C2 H134N has been
suggested to show enhanced Na+ conductance [224]. But, the here presented data shows
a complex inhibition of Na+-mediated currents by external protons that may prevent
application of the mutant at physiological pHe. In order to quantify partial Na
+ and
proton currents in H134N, model calculations on the electrophysiological data of the
mutant would be helpful. Although not highly selective for Na+ and/or Ca2+ neither,
both C1V1 and Catch+ exhibit higher partial Na+ and Ca2+ currents when compared
to C2 wt. Thus, both variants provide ”cleaner” membrane depolarization that should
allow for fast action potential triggering when being combined with fast mutants (C1V1
E122T E162T or C2 E123T L132C T159C).
Many cellular processes are activated by transient elevation in the cytosolic Ca2+
concentration. One prominent example is the activation of neurotransmitter release upon
presynaptic Ca2+ increase via voltage-gated Ca2+ channels. Both C2 S63D TC and C2
N258D TC exhibit enhanced Ca2+ permeability [226], especially when considering the
stationary current Is. This enhanced Ca
2+ conductance is also apparent in the presence
of competing protons at physiological pHe. However, Catch+ mediates even higher light-
induced Ca2+ influx, which can be accounted for by an combinational effect of both
mutations (L132C and T159C) resulting in an high expression level, a low inactivation
and an 1.6-fold higher Ca2+ selectivity [99, 110, 87]. Nevertheless, all mentioned mutants
primarily conduct Na+ and protons under physiological conditions.
The cytosolic pH level of ≈ pH 7.4 is strongly buffered by protonable amino acids such
as histidine residues. In contrast, several intracellular organelles including lysosomes (pH
4.5-5.0), plant vacuoles (pH 5.0-5.5) and synaptic vesicles (pH ≈ 5.6) display acidic pH
values [252, 253, 156, 157]. In order to analyze the functional relevance of high proton
concentrations for transport processes and organelle-specific enzymes, a proton-selective
ChR would be useful. DChR constitues a highly proton-selective variant, but its use for
optogenetics has been hampered due to its low expression level in mammalian cells [26].
An improved DChR variant could be obtained by creation of chimeric ChRs that combine
the ion-permeation pathway of DChR with the higher expression level of other ChRs.
Alternatively, introduction of stabilizing mutations e.g. the corresponding exchanges to
H134R and T159C may enhance DChR applicability. By transfer of the DChR counte-
rion residue A178 to C2, a C2 mutant featuring an increased proton-selectivity has been
generated (C2 E123A) [224, 100]. In the future, combination of proton-selective ChRs
with organelle-specific targeting sequences, may allow for light-activated pH increase in
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acidic organelles.
While ChRs present potent tools for membrane depolarization, a hyperpolarizing ChR
would also be of great usefulness. In contrast to microbial proton and chloride pumps,
ChRs transport several charges per absorbed photon and thus show an enhanced light
sensitivity. A hyperpolarizing ChR would exhibit a reversal potential close to the resting
potential or lower, thereby suppressing the initial depolarization required for action
potential firing. Both a K+ or a Cl--selective ChR would provide the necessary light
activity. Although several ChR mutants e.g. C2 T159M and C2 Q117E/R display
negatively shifted reversal potentials due to enhanced K+ selectivity, none of the mutants
has been succesfully applied to suppress neuronal activity [224, 254]. Moreover, despite
extensive mutational screening, no highly K+-selective ChR variant could be obtained.
An alternative approach to inhibit neuronal activity combines light-activated pumps with
secondary proton-activated K+ or Cl- channels (personal communication with Kyoko
Tsunoda and Johannes Vierock). These systems may allow for current amplification of
the primary light-induced hyperpolarizing current.
Taken together, many potent ChR variants with altered cation selectivity have been
reported and should be considered for specific applications. But, ChRs lack a ”real”
selectivity filter which would provide for high substrate specificity. The knowlegde of
an open state ChR structure featuring the positions of bound cations may allow for
the directed design of ChRs with shifted selectivitites that will potentially increase the
repertoire of optogenetic experiments using ChRs.
6.3. Vesicular acidification using pHoenix
Neurons represent highly structured cells consisting of a dendritic tree, a single axon and
a soma featuring the nucleus as well as the protein synthesis machinery. Both dendrites
and soma receive and process synaptic inputs from neighboring cells. When integration
of the incoming signals results in a threshold depolarization at the axon initial segment,
an action potential (AP) is triggered that propagates to the axonal presynaptic terminals.
At the presynaptic side of chemical synapses, the AP-induced transient depolarization
opens voltage-gated Ca2+ channels, thereby initiating neurotransmitter release. Postsy-
naptic receptors sense the transient elevation of neurotransmitter concentration in the
synaptic cleft and in turn activate postsynaptic ion channels or intracellular signaling
cascades (Figure 3.8).
Given the functional compartimentalization of neuronal cells, specific manipulation
of these subcellular structures are of great interest. Spatially defined activation of
small neuronal compartments - mostly spines and dendrites - has been achieved by
light-induced uncaging of neurotransmitters such as glutamate [255]. But irreversible
glutamate uncaging exhibits the common drawbacks of chemical approaches such as
compound synthesis, delivery and cell-type unspecificity. Using chemo-optogenetics,
light-induced neurotransmitter binding to engineered receptors allows for reversible ac-
tivation of specific postsynaptic responses. The genetically modified receptors contain
an exposed cysteine residue that covalently binds a photoswitchable azobenzene linked
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to the respective ligand [256]. Thus, depending on the nature of the used azobenzene
and the geometry of the ligand binding site, light activation at a certain wavelength
favors either the activated or the inactivated receptor state. Chemo-optogenetically tar-
geted receptors include ionotropic and metabotropic glutamate receptors (LiGluR and
LimGluR) and nicotinic acetylcholine receptors [256, 257, 258, 259].
Purely optogenetic aproaches offer an alternative for subcellular neuronal activation.
By fusion of microbial rhodopsin genes with specific targeting sequences, rhodopsins
have been preferentially expressed in the somatodendritic compartment, the postsynap-
tic membrane or the axon initial segment (see section 3.5.5) allowing for spatially-defined
membrane depolarization/hyperpolarization [166, 167, 168]. Despite these advances in
subcellular neuronal activation, direct and specific manipulation of the axonal and presy-
naptic compartment has not yet been reported. In the present work, an optogenetic
actuator allowing for presynaptic activation by synaptic vesicle acidification was devel-
oped. Since presynaptic vesicles have been successfully targeted by fluorescent indicators
to visualize vesicular pH changes as well as presynaptic Ca2+ influx [156, 172, 173, 161],
a similar targeting strategy was followed for the tested optogenetic actuators.
6.3.1. Performance of available constructs
Four fusion proteins that combine the vesicular pH indicators Syphy/SyphTomato with
either Arch3, CvRh T146N, C2 E123A T159C or NpHR as well as a second fluorescent
protein were created and tested in HEK cells and cultured neurons. Both Arch3 and the
voltage-independent CvRh mutant T46N were chosen for vesicular acidification by light-
induced proton pumping. In contrast, the proton-selective C2 mutant was supposed to
reduce the pH gradient over the vesicular membrane. To distinguish effects of vesicular
membrane potential and pH, the microbial proton pumps were replaced by NpHR.
Out of the four tested fusion proteins, Syphy-Arch3-mKate (pHoenix), Syphy-CvRh
T46N-mKate and Syphy-NpHR-mKate show small outward-directed currents when ex-
pressed in HEK cells. While proper targeting of the respective proteins to the plas-
mamembrane is weak and most of the fluorescence is located at intracellular membranes
e.g. at the endoplasmic reticulum, the fusion proteins are properly folded allowing for
light-induced pumping activity. Despite a similar molecular composition, SypHTomato-
C2 E123A T159C-eGFP displays very weak fluorescence and photocurrents are absent
even after extended expression times and upon addition of excess retinal. The unfunc-
tionality of the C2-derived variant might be explained by hampered dimer formation in
the complex fusion protein. Notably, light-driven proton and chloride pumps typically
form trimers, whereas archearhodopsin one and two have also been crystallized as dimers
[260, 261, 262]. On the other hand, synaptophysin has been reported to form homod-
imers or heterodimers in conjunction with synaptobrevin [263]. Thus, the oligomeric
state of the fusion proteins remains to be investigated.
Being expressed in cultured hippocampal neurons, pHoenix again triggers very low
somatic photocurrents that are 260-fold reduced when compared to untargeted Arch3
currents (Figure 5.33F). Moreover, pHoenix accumulates in presynaptic terminals as
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has been shown by colocalization with vGlut1 in glutamatergic neurons. Contrarily,
Syphy-CvRh T46N-mKate does not exhibit light-activated currents in neurons, despite
higher performance compared to pHoenix in HEK cells. The molecular explanation for
unfunctionality of both targeted and untargeted CvRh in cultured neurons remains to
be determined. Currently, Arend Vogt and Benjamin Rost are testing human codon-
adapted CvRh that may provide activity in neuronal cells. Syphy-NpHR-mKate has not
yet been tested for somatic currents in neurons, but is supposed to be funtional based
on its activity in HEK cells and functionality of untargeted NpHR in neurons [143, 70].
6.3.2. pHoenix activation for analysis of vesicular release properties
pHoenix enables green light-induced acidification of synaptic vesicles and can thus be
applied to analyze the influence of vesicular pH on evoked and spontaneous transmitter
release. Following light application for two minutes, EPSC amplitudes of pHoenix-
expressing glutamatergic neurons are enhanced by (11± 2)%. Based on the currently
available data, it cannot be distinguished if the increased amplitude is caused by an
”overfilling” of single vesicles that would result in an increased mEPSC amplitude or if
a decrease in vesicular pH enhances the vesicular release propability. Both analysis of
the paired-pulse ratio as well as amplitude and frequency determination of single events
are necessary to understand the underlying effects. Although these experiments demand
for careful analysis due to low changes of the expected signals, they will be addressed in
the near future. Together, the data may indicate how vesicle release is influenced by the
neurotransmitter filling state of single vesicles.
In the following, pHoenix activation was analyzed in neurons that had been treated
with bafilomycin, a specific blocker of the V-type ATPase that naturally acidifies synaptic
vesicles following vesicle formation [235, 236]. After two hours of drug treatment, neurons
exhibit only very low or no detectable EPSCs as almost all neurotransmitter-filled vesi-
cles have been depleted and newly-formed vesicles have not been refilled. Light-induced
pHoenix activation for two minutes restores full EPSC amplitudes in bafilomycin-treated
glutamatergic neurons. This indicates that pHoenix-mediated vesicular acidification is
sufficient for activation of vesicular glutamate transporters, whereas activation of untar-
geted Arch does not affect vesicle filling. Reduction of the intensity of the applied light
to 25% (≈ 1.7× 1022 photons m−2s−1) does not reduce somatic Arch3 photocurrents
in neurons. Similarly, pHoenix currents in HEK cells are only reduced by 17% us-
ing 25% light intensity. However, reduced light intensity decelerates EPSC recovery in
bafilomycin-treated neurons, indicating that proton pumping is one of the rate-limiting
steps of the EPSC recovery kinetics. In natural systems employing the V-type ATPase,
proton pumping has been reported to be relatively fast (0.5 s to 5 s) when compared to
neurotransmitter uptake (15 s in the case of glutamate) [176, 198].
Application of a two-pulse protocol at 25% light intensity (≈ 1.7× 1022 photons m−2s−1)
allowed to further analyze release properties of partially filled vesicles. After 30 s of
pHoenix activation EPSCs exhibit an intermediate amplitude that is stable as soon as
light is turned off. Hence, glutamate uptake following acidification is faster than our
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protocol-inherent time resolution of 5 s. Higher frequencies of EPSC monotoring may
allow for determination of the phase lag between acidification and neurotransmitter up-
take. Additional pHoenix activation for 90 s results in a saturated, 2.5-fold enhanced
EPSC amplitude. Based on the different EPSC amplitudes vesicles are classified as
”intermediate filled” or ”full”. The EPSC paired-pulse ratio in the full state is slightly re-
duced ((6.2± 2.8)%) when compared to the intermediate state, which can be interpreted
as an increased release propability of the ”full” vesicles. Moreover, both amplitude and
frequency of miniature EPSCs, reflecting spontaneous vesicle exocytosis, are increased
in the full state. These results confirm earlier findings by Zhou et al. who described
a decrease in mEPSC/mIPSC amplitude and frequency in cultured bafilomycin-treated
neurons when compared to untreated control cells [197]. In our experiments, different
mEPSC amplitudes reflect the release of half-filled vesicles of the ”intermediate” state,
whereas ”full” vesicles are maximally loaded with neurotransmitters. The interpretation
of the frequency increase is more difficult, because release of empty and sparsely filled
vesicles is not detectable using electrical mEPSC recordings. Notably, several earlier
studies showed that the propability of vesicle release is independent of the vesicular fill-
ing level [264, 197]. But, since our experiments also reveal a reduced PPR of the full
state, the increase in mEPSC frequency may at least partially be caused by a higher
release propability of full vesicles. In order to clarify the influence of the filling state
on vesicle-pool size and release propability, experiments combining step-wise pHoenix
activation with application of hypertonic solutions might be helpful [265]. In summary,
the presented experimental findings show that pHoenix is exceptionally well suited to
analyze the influence of intravesicular pH on the neurotransmitter contents and the re-
lated release properties of synaptic vesicles. Moreover, our results propose that synaptic
release propability indeed depends on the vesicular filling state, however this hypothesis
needs further experimental validation.
6.3.3. Energetics of vesicular glutamate uptake
The driving forces for uptake of different neurotransmitters have been controversially
discussed. In a recent review Omote et al. state that both glutamate and GABA up-
take is predominantly driven by membrane potential differences Δψ whereas uptake of
monoamines and acetylcholine relies on an additional pH gradient allowing for proton-
neurotransmitter antiport [195]. The Δψ hypothesis for glutamate uptake is supported
by the finding that exchange of vesicular protons by K+ promotes vesicular glutamate
transport [266]. In addition, computation of glutamate accumulation under the assump-
tion that the electrical potential is the only driving force yields reasonable glutamate
distributions reflecting measured values of [glutamate]vesicle / [glutamate]cytosol ≈ 10
[195, 267]. Nevertheless, the intravesicular pH strongly affects VGlut transport activity
as was pointed out in several other studies [196, 191].
To discriminate between Δψ and ΔpH-induced glutamate uptake, light-induced vesi-
cle acidification using pHoenix was compared to light-driven Cl- export mediated by
Syphy-NpHR-mKate. While pHoenix activation evokes increased EPSCs in both un-
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treated and bafilomycin-treated neurons, Syphy-NpHR-mKate activation did not influ-
ence EPSCs in our hands (data not shown). Notably, due to the preliminary state of
our data, further control experiments are indispensable. Our results suggest that Δψ
changes alone - as anticipated for Syphy-NpHR-mKate activation - are insufficient to
drive glutamate uptake. However, Cl- itself has been suggested to directly bind VGluts,
thereby activating glutamate transport and an intrinsic Cl- conductance has been pro-
posed for VGlut1 [268, 196]. Besides direct interactions with the transporters, decrease
in intravesicular Cl- concentration also results in increased vesicular pH [196, 195]. Thus,
Cl--induced changes in membrane potentials might be counteracted by other Cl- -related
effects. Whereas light-induced proton and Cl- pumping equally modulate the electri-
cal membrane potential, the induced changes in the respective chemical potentials are
considerably different. Newly formed synaptic vesicles reflect the extracellular ionic com-
position and contain low amounts of protons (< 1  M) compared to high amounts of Cl-
(≈ 125mM). Therefore, significant acidification of synaptic vesicles is already achieved
by few transported protons. Interestingly, an intravesicular pH of 6 corresponds to less
than one free proton per vesicle [269]. In contrast, high vesicular chloride concentrations
together with cytosolic chloride concentrations in the 10mM range prevent significant
NpHR-mediated changes in the chemical potential for Cl
-. Thus, the abscence of changes
in chemical potentials may account for the unfunctionalilty of Syphy-NpHR-mKate to
trigger glutamate uptake and changes in EPSC amplitudes. Taken together, our so-far
available results do not support the common hypothesis of purely Δψ-driven glutamate
uptake. The presented experiments show how combinational application of different op-
togenetic actuators enables directed manipulation of cellular parameters in living cells.
The interplay of light-activated manipulation and physiological read-outs may help to
understand the complexitiy of cellular responses.
6.3.4. Outlook on presynaptic optogenetics
The first desribed presynaptic optogenetic tools encompass the pH indicators pHluorin,
Syphy and pHTomato and the Ca2+ indicator SyGCamp [156, 172, 173, 161]. In the
present study combination of Syphy with Arch3 yielded pHoenix, a green light-activated
proton pump targeted to synaptic vesicles. Using electrical recordings on cultured, au-
tapic neurons facilitates analysis of light-induced changes in postsynaptic currents. Ad-
ditionally, pHoenix also allows for intravesicular pH imaging using the pH sensitivity of
the superecliptic pHlourin fluorescence. In the next step, pH imaging will be used for
direct visualization of Arch-induced vesicle acidification. Since pHlourin shows maximal
activation using blue light and Arch is activated by green/yellow light, both fluorescence
readout and Arch activation can be independently performed in priciple. However, in-
dependent activation demands for careful adjustment of the applied light intensities and
activation of the characteristic β-band of rhodopsin absorption may result in minor Arch
activation with blue light. To circumvent crosstalk of the actinic light sources, the use of
a modified pHoenix variant that implies either a blue-shifted pHlourin (e.g. T-Sapphire)
or a red-shifted Arch mutant might be useful [158]. Sequence comparison of Arch with
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color-shifted proteorhodopsin mutants may facilitate the design of a red-shifted Arch
variant. Alternatively, the use of an inverse pHoenix variant that contains a blue-shifted
Arch e.g. Arch M126A S149A A223T combined with pHTomato should be considered
to prevent β-band activation [240, 161]. Once experimentally implemented simultane-
ous pH imaging and electrical recordings will allow for correlation of intravesicular pH
changes with postsynaptic reponses. Accordingly, the kinetics of vesicle acidification can
be compared to the kinetics of consecutive processes of neurotransmitter uptake and
vesicle priming.
Based on synaptophysin targeting, pHoenix is localized on synaptic vesicle membranes
in mammalian neurons. Replacement of synaptophysin by the C. elegans protein synapt-
ogyrin yielded synaptogyrin-pHoenix, potentially targeting to synaptic vesicles in nema-
todes. Due to their simple genetic manipulation and the mapping of the entire connec-
tome of all 302 neurons, C. elegans represents one of the top model organisms to study
synaptic transmission [270, 271]. Furthermore, C. elegans was the first eucaryotic organ-
ism that heterologously expressed the green-fluorescent protein GFP and represents the
first transgenic animal expressing channelrhodopsin C2 H134R [272, 101]. Synaptogyrin-
pHoenix functionally expresses in HEK cells and exhibits small light-induced currents
indicating intracellular accumulation. In the future, synaptogyrin-pHoenix will be tested
for light-induced vesicle acidification in living nematodes. Moreover, the fusion protein
might be applied to compensate for developmental deficits in V-type ATPase-knockout
animals [273].
Here, we demonstrate the first optogenetic application that specifically modulates
presynaptic activity. However, the complex interplay of presynaptic proteins exposes
diverse other targets for optogenetic manipulations. For example, optical control of pro-
tein interactions e.g. formation of SNARE complexes or nucleation of clathrin-mediated
pits using light-activated dimerization systems might be complex, but highly interest-
ing approaches [122, 123, 274]. In the same direction, presynaptically targeted, Ca2+-
selective ChRs (e.g. Catch+) may facilitate light activation of presynaptic vesicle release.
Complementary, presynaptic expression of G-protein-coupled rhodopsins may allow to
analyze presynaptic regulatory mechanisms [115, 116, 117, 275]. Similarly, presynaptic
targeting of light-activated enzymes such as cAMP/cGMP cyclases might enable interro-
gation of the corresponding signaling cascades [126, 127]. Taken together, in conjunction
with classical neurophysiological methods such as electrophysiology and imaging tech-
niques, presynaptic optogenetics has a great potential to unravel principles of synaptic
transmission.
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A.1. Abbreviations
AdMLP adenovirus major late promotor
AIS axon initial segment
AP action potential
APS ammonium persulfate
AR AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptor
Arch(3) Halorubrum sodomense archearhodopsin-3
ATP adenosine triphosphate
BCIP 5-bromo-4-chloro-3-indolyl phosphate
BLUF blue-light sensors using flavin adenine dinucleotide
BR bacteriorhodopsin
BTP bis-tris propane
b/w black and white
C1 Chlamydomonas reinhardtii channelrhodopsin 1
C2 Chlamydomonas reinhardtii channelrhodopsin 2
C1C2 chimeric protein composed of helices 1-5 from C1 and helices 6, 7
from C2
C1V1 chimeric protein composed of helices 1, 2 from C1 and helices 3-7
from V1
cAMP cyclic adenosine monophosphate
Cav voltage-gated Ca
2+ channel
Catch Ca2+-transporting channelrhodopsin
CCD charge-coupled device
Cd1 first closed state
Cd2 second closed state
cGMP cyclic guanosine monophosphate
CHEF chimeric protein composed of helices 1-5 from C1 and helices 6, 7
from C2
ChETA Channelrhodopsin 2 E123T Accelerated
CHIEF CHEF with additional point mutation V170I
ChR channelrhodopsin
ChRGR channelrhodopsin-green receiver
CMV cytomegalovirus
Cop1 Chlamyopsin 1
Cop2 Chlamyopsin 2
cop3, cop4 genes coding for Chlamydomonas reinhardtii channelrhodopsin 1 and 2
Cos cells immortalized green monkey cells
CP creatine phosphate
CvRh Chlorella vulgaris rhodopsin
DChR Dunaniella salina channelrhodopsin
DDM n-dodecyl β-D-maltopyranoside
DEAE diethylethanolamine
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DMEM Dulbecco’s modified Eagle’s medium
DMSO dimethyl sulfoxide
DNA desoxyribonucleic acid
dNTPs deoxyribonucleotide
EBSS Earle’s balanced salt solution
eCFP enhanced cyan fluorescent protein
EDTA ethylenediaminetetraacetic acid
EGTA ethylene glycol tetraacetic acid
eGFP enhanced green fluorescent protein
EPSC excitatory postsynatic current
ER endoplasmic reticulum
eYFP enhanced yellow fluorescent protein
FAD flavin adenine dinuclotide
FCS fetal calf serum
FP fluorescent protein
FRET Fo¨rster resonance energy transfer
GABA γ-aminobutyric acid
GTP guanosine triphosphate
KM Michaelis constant
HEK cells human embyronic kidney cells
HKR1 histidine kinase rhodopsin 1
HR halorhodopsin
I0 extrapolated initial current at time zero of illumination
I0ref initial current at standard conditions
IR infrared
Ip peak current
Ipar partial current of respective ion
IPSC inhibitory postsynaptic current
Is stationary current
IV current-voltage
LB lysogeny broth
LOV ligh-oxygen-voltage
Mac Leptosphaeria maculans proton pump
MAP kinase mitogen-activated protein kinases
MBD myosin binding domain
NBQX 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzoquinoxaline-2,3-dione
NBT nitro blue tetrazolium
MChR Mesostigma viride channelrhodopsin
mEPSC miniature excitatory postsynaptic current
mGluR metabotropic glutamate receptors
mIPSC miniature inhibitory postsynaptic current
MR metabotropic glutamate receptor
NMDA N-Methyl-D-aspartate
144
A.2. Supplementary methods
NMG N-methyl-D-glucamine
NpHR Natronomonas pharaonis halorhodopsin
NR NMDA (N-methyl-D-aspartate) receptor
O1 first open state
O2 second open state
p permeability
PPR paired-pulse ratio
PBS phosphate buffered saline
PCK phosphocreatine kinase
PCR polymerase chain reaction
phot phototropin
PMSF phenylmethylsulfonyl fluoride
RFP red fluorescent protein
RNA ribonucleic acid
SDS sodium dodecyl sulfate
SNARE soluble N-ethylmaleimide-sensitive-factor attachment receptor
SFO step-function opsin
SSFO stable step-function opsin
TEMED tetramethylethylenediamine
TM transmembrane
TTL transistor-transistor logic
UV ultraviolet
V1 Volvox carteri channelrhodopsin 1
V2 Volvox carteri channelrhodopsin 2
VA Vacuolar-type (V-type) ATPase
VAMP vesicle-associated membrane protein
VGlut vesicular glutamate transporter
vis visible
Vop1 Volvoxopsin 1
wt wildtype
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A.2.1. Cos cell culturing and transfection
Sources of cell culture materials and reagents are given in Table 4.8 in the method
section. Cos cells were used to express and purify ChRs. They were grown as described
for HEK cells in section 4.2.2. In preparation for protein expression Cos cells were seeded
at a concentration of 1.9× 104 cells /cm2 into T75 flasks or roller flasks with a surface
area of 850 cm2. Roller flasks were constantly rotating at a speed of 50 rpm. Prior to
transfection the following solutions were prepared:
Cells were transfected three days after seeding. 150  g plasmid DNA per roller flask was
mixed with 6ml 1M Tris-HCl pH 7.5. Then, 6ml DEAE solution and 48ml transfection
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solution components and concentration solvent
transfection medium 1% penicillin/streptomycin DMEM
standard medium 1% penicillin/streptomycin, 10% FCS DMEM
DEAE solution 2.5mgml−1 DEAE-dextrane DMEM
chloroquine solution 1mM chloroquine ddH2O
Table A.1.: Solutions required for transfection of Cos cells.
medium were added. Next, the roller flask medium was replaced by the transfection
mixture and cells were incubated for at least 5 h. In the following, the transfection
mixture was discarded and 67.5ml standard medium and 7.5ml chloroquine solution
were added. After incubation for 5 h cells were washed twice with 50ml PBS. Finally,
200ml standard medium was added and proteins were expressed for 3 d.
A.2.2. Protein purification from Cos cells
All required chemicals were purchased from Sigma Aldrich (Hamburg, Germany), Carl
Roth (Karlsruhe, Germany) and Roche (Basel, Switzerland). The 1D4 antibody was
generously supplied by the group of Professor Franz Bartl at the Charite´ Berlin. Prior
to cell harvesting the following solutions were prepared:
solution components and concentration solvent
EDTA solution 2mM EDTA PBS
protease inhibitor cocktail 1/2 tablet protease inhibitor 5ml PBS
per roller flask
DDM stock solution 10% DDM PBS
retinal stock solution 30mM all-trans retinal 100% ethanol
washing buffer I 0.03% DDM PBS
washing buffer II 0.03% DDM BTP buffer
elution buffer 0.03% DDM 5ml BTP buffer
40  l 1D4 peptide per roller flask
Table A.2.: Solutions required for protein purification from Cos cells.
Roller flasks were removed from the incubator, medium was discarded and cells were
washed twice with 50ml PBS. Afterward, 30ml of EDTA solution was added and flasks
were rotated in the incubator for 10min. Then, the protease inhibitor cocktail was
added and cells from two roller flasks were pelleted in subsequent centrifugation steps
in one 50ml falcon tube. Centrifugation took place at 4 ◦C and 4000×g for 4min and
was repeated until all cells were unified in one tube. Cells were resuspended in 30ml
supernatant and 30  l retinal stock solution was supplemented. Retinal reconstitution
was performed at 4 ◦C in the dark and under constant agitation for at least 4 h. Sub-
sequently, cells could be frozen in liquid nitrogen and stored at −80 ◦C or directly used
for protein preparation.
For membrane solubilization the DDM stock solution was added to achieve a final
concentration of 1% DDM and cells were solubilized at 4 ◦C overnight. The next day,
the column material required for protein purification from present cell material was
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transferred to a 50ml tube and washed with PBS. The material was centrifuged at 4 ◦C
and 4000×g for 5min and the supernatant was carefully removed. In parallel to a second
washing step solubilized cells were pelleted. While cell debris stayed in the pellet the
supernatant contained glycolipids, membranes and membrane proteins. The supernatant
was added to the gel material and gel binding occured at 4 ◦C in the dark and under
constant agitation. Gel material was washed twice with washing buffer I and once with
washing buffer II. Next, 1.5ml elution buffer were added and incubated overnight. Eluted
protein found in the supernatant was transferred to a new Eppendorf tube and could be
used for further analysis. Protein quality was confirmed in a UV-Vis spectrophotometer
(Cary 60, Agilent Technologies GmbH, Bo¨blingen, Germany) by recording absorbance
spectra between 260 nm to 650 nm. Protein samples were stored at −20 ◦C.
A.2.3. Western blot analysis
SDS-Page and western blot analysis were performed to check target protein content in
the different fractions of the purification process. Prior to loading, unsoluble fractions
such as cell pellets were resuspended in 1ml BTP buffer supplemented with a spatula
tip of DNase and 0.1% PMSF. The pellet was homogenized using a tiny glass potter and
then diluted in 10ml BTP buffer containing 1% DDM and 0.1% PMSF. Samples were
mildly agitated at 4 ◦C for 30min. 75  l of homogenized cell solution or 75 l of soluble
fractions were mixed with 25 l 4x loading buffer. The composition of the loading buffer
and all other solutions required for SDS-Page and western blotting are summarized in
Table A.3. In preparation of gel electrophoresis pairs of clean, ethanol-polished glasses
solution components and concentration solvent
4x loading buffer 200mM Tris-HCl pH 6.8; 40% glycerol; ddH2O
4% SDS; 400mM β-mercapto ethanol;
0.01% bromophenol blue
SDS running buffer 25mM Tris-HCl pH 8.8; 192mM glycine ddH2O
0.1% m/V SDS
blotting buffer 20mM Tris-HCl pH 8.8; 154mM glycine ddH2O
0.08% m/V SDS; 20% methanol
TBS-Tween 5mM Tris-HCl pH 7.5; 15mM NaCl; ddH2O
0.5% Tween-20
detection buffer 100mM Tris-HCl pH 9.5; 100mM NaCl; ddH2O
50mM MgCl2
BCIP solution 50mgml−1 5-bromo-4-chloro-3-indolyl dimethylformamide
phosphate
NBT solution 75mgml−1 nitrotetrazolium blue 70% dimethyl-
chloride formamide
Table A.3.: Solutions required for SDS-Page and Western-Blot analysis.
and the corresponding spacers were mounted. Separating gel and stacking gel were
prepared according to the recipe summarized in Table A.4. The electrophoresis chamber
was mounted and filled with SDS running buffer. Then, 12  l samples and 5 l of protein
ladder mix were loaded and electrophoresis took place at 45V for 45min. In parallel
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ingredient separating gel stacking gel
30% acrylamide 6.25ml (12.5%) 0.833ml (5%)
ddH2O 2.8ml 3.5ml
1M Tris pH 8.9 5.6ml /
1M Tris pH 6.8 / 0.625ml
10% SDS 150  l 50 l
10% APS 120 l 25 l
TEMED 12  l 5  l
Table A.4.: Recipe for preparation of one polyacrylamide gel.
nitrocellulose membrane and filter papers were prepared. The membrane was activated
for 20 s in methanol, then washed for 2min in ddH2O and finally membrane and filter
papers were soaked in blotting buffer. Proteins were blotted at 2.5mV/cm2 for 1 h. As a
next step, membranes were blocked with 1 g powdered milk in 20ml PBS-Tween under
slow agitation for 1 h. Membranes were washed with PBS-Tween and 1D4 antibody
was applied by overnight incubation with 20ml PBS-Tween supplemented with 0.14 g
powdered milk and 20  l 1D4-antibody. The next morning, membranes were washed
with PBS-Tween for 15min, 5min and 5min. In the following 5 l anti-mouse secondary
antibody in 10ml PBS-Tween was applied and incubated for 2 h. After three additional
washing steps, detection took place by applying 8  l NBT and 30  l BCIP in detection
buffer for 10min in the dark.
A.3. Enzyme kinetic algorithm
The here presented algorithm was developed by Dietrich Gradmann and is based on
earlier work [230][100]. It considers translocation of the four substrates protons (H), Na+
(M), Mg2+ (G) and Ca2+ (D) that are unidirectionally transported from the extracellular
side (e) to the intracellular side (in the following: cytosolic - c). Moreover, the present
model comprises ion transport via both open states O1 and O2 that display distinct ion
binding and transport rates. Model equations are described in Schneider et al. [229] as
follows:
To calculate the steady-state currents of the model, the probabilities of the
state occupancies p have to be determined. This can be done with the method
of King and Altman [276] by forming the relative occupation probabilities p,
that consist of the sum of all products of n − 1 rate constants in a n-state
model. Using the abbreviation κS = kSc+kSe (S: H, M, D, or G) for writing
economy, these relative occupation probabilities for a given conducting state
(O1 or O2) in our six-state model are given by the following equations:
p
e
= kecκHκMκDκG + keHkHeκMκDκG + keMkMeκHκDκG
+ keDkDeκHκMκG + keGkGeκHκMκD,
(A.1)
p
c
= p
e
kce/kec, (A.2)
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H : p
H
= (keckcH + kcekeH + kcHkeH)κMκDκG
+(kcHkeDkDc + keHkcDkDe)κMκG
+(kcHkeMkMc + keHkcMkMe)κDκG
+(kcHkeGkGc + keHkcGkGe)κDκM ,
(A.3)
M : p
M
= (keckcM + kcekeM + kcMkeM )κHκDκG
+(kcMkeDkDc + keMkcDkDe)κHκG
+(kcMkeHkHc + keMkcHkHe)κDκG
+(kcMkeGkGc + keMkcGkGe)κDκH ,
(A.4)
D : p
D
= (keckcD + kcekeD + kcDkeD)κHκMκG
+(kcDkeHkHc + keDkcHkHe)κMκG
+(kcDkeMkMc + keDkcMkMe)κHκG
+(kcDkeGkGc + keDkcGkGe)κMκH , and
(A.5)
G : p
G
= (keckcG + kcekeG + kcGkeG)κHκMκD
+(kcGkeDkDc + keGkcDkDe)κMκH
+(kcGkeMkMc + keGkcMkMe)κHκG
+(kcGkeHkHc + keGkcHkHe)κMκD.
(A.6)
The absolute probabilities p are obtained by referring the relative ones to
their sum: ∑
p
= p
c
+ p
e
+ p
H
+ p
M
+ p
D
+ p
G
, (A.7)
yielding
pc = pc/
∑
p
; pe = pe/
∑
p
; pH = pH/
∑
p
;
pM = pM/
∑
p
; pD = pD/
∑
p
; pG = pG/
∑
p
.
(A.8)
The particular ion currents are (e is elementary charge)
H : IH = e(pckcH − pHkHc), (A.9)
M : IM = e(pckcM − pMkMc), (A.10)
D : ID = e(pckcD − pDkDc), (A.11)
G : IG = e(pckcG − pGkGc), (A.12)
which add up to the total current
I = IH + IM + ID + IG. (A.13)
Considering both conducting states O1 and O2 [...], the initial current I0
after a long dark period is exclusively mediated by the conductance of O1
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(I0 = IO1). Then the conductance via O1 relaxes by equilibration with O2 by
a factor R1, until a steady-state current Is is reached, comprising stationary
currents through both open states,
Is = I1s + I2s, (A.14)
with I1s = I0R1. The reorientation of the empty binding site under the
assumption of one symmetric barrier is described by the rate constants kce
and kec that depend on the reduced voltage u = EF/RT , with the trans-
membrane voltage E and R, T and F having their usual thermodynamic
meaning
kec = k
0
ecexp
(zEu
2
)
, kce = k
0
ceexp
(−zEu
2
)
, (A.15)
where the superscript 0 marks reference conditions (u = 0), zE is the apparent
charge number of the empty binding site, and the factor 1/2 in the exponent
reflects a symmetric Eyring barrier.
The transfer of ionic substrates S with the charge number zS via an in-
termediate binding site (c-S-e) is assumed to occur in two reversible steps in
series (two symmetric barriers), which see only the portions d and 1 − d of
the total voltage, respectively:
kcS = k
0
cS [S]c exp
(
d(zE + zS)u
2
)
, (A.16)
kSc = k
0
Scexp
(−d(zE + zS)u
2
)
, (A.17)
kSe = k
0
Seexp
(
(1− d)(zE + zS)u
2
)
, (A.18)
keS = k
0
eS [S]e exp
(
(d− 1)(zE + zS)u
2
)
. (A.19)
The voltage partitioning coefficient d (for the cytoplasmic barrier) is treated
as voltage- and substrate-dependent,
d =
kSe + keS
kSe + keS + kSc + kcS
, (A.20)
and had to be iteratively determined by [equations A.16 to A.19]. The ex-
pressions kSe + keS and kSc + kcS [...] are equivalent to conductances in an
Ohmic voltage divider. Thus, the potential profile is not considered here as a
rigid structural entity, but as an elastic one, depending on the actual voltage
and substrate concentrations on both sides.
Model description is reproduced from Schneider et al. [229]. Dietrich Gradmann fitted
the experimental data to the model equations applying the fitting strategy according
to [100]. He used TurboPascal for all model calculations. The model-retrieved kinetic
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parameters for the individual analyzed cells are summarized in Tables A.5, A.6 and A.7.
Cell C27 C210 C217 C27 C210 C217
zE1 1.03 0.92 0.06 zE2 0.79 1.11 0.82
kce1 5.7× 102 1.3× 101 8.7× 103 kce2 1.3× 104 8.6 4.4× 104
kec1 1.8× 105 2.2× 108 3.4× 103 kec2 3.9× 103 8.9× 105 2.7× 103
kcH1 2.2× 104 2.7× 106 6.1× 105 kcH2 3.5× 105 4.7× 104 2.6× 105
kHc1 2.5× 101 1.8 1.1 kHc2 1.3× 103 9.4× 102 5.8× 102
kHe1 2.5× 101 9.6 4.2 kHe2 4.4× 101 1.5× 102 4.0× 101
kcM1 5.2× 103 3.8× 101 6.2× 102 kcM2 4.7× 101 1.5× 102 1.9× 101
kMc1 2.6 5.2× 101 1.2 kMc2 2.3× 103 1.3× 102 7.6× 102
kMe1 6.9× 101 4.8× 102 3.8 kMe2 4.8× 101 5.9 3.0× 101
kcD1 8.9× 104 1.5× 101 2.2× 102 kcD2 5.4× 103 3.0× 104 2.0× 103
kDe1 2.3× 101 3.9× 101 9.2× 102 kDe2 2.6× 103 3.3× 101 3.6× 103
kDc1 2.6× 101 8.1× 101 3.7× 101 kDc2 1.5× 102 2.9× 104 1.0× 101
kcG1 1.5× 104 4.2× 101 3.8× 101 kcG2 7.5× 103 9.2× 104 9.1× 104
kGc1 1.7× 102 1.8× 102 1.1× 102 kGc2 1.1× 103 1.8× 102 9.9× 104
kGe1 8.8× 101 1.3× 102 1.5 kGe2 1.2× 103 8.6 1.4× 102
R1 0.088 0.081 0.126 Error 0.057 0.072 0.028
Table A.5.: Model parameters obtained for three selected C2 cells. zE corresponds to the apparent
charge of the empty binding site, indices 1 or 2 indicate first open state O1 and second open state O2,
respectively. kce1/2 and kce1/2 are the rate constants for reorientation of the empty binding site from the
cytosol to the extracellular side and vice versa in s−1. kcX1/2 is the rate constant for cytoplasmic binding
and translocation of substrate X+, kXc1/2 describes the rate constant for translocation and cytoplasmic
release and kXe1/2 describes the rate for substrate extracellular release. All rate constants are given for
standard conditions (−60mV, 1mM internal and cytosolic substrate concentration) and are normalized
to I0 at reference conditions (high Na
+, pHe 7.2 and NMG, pHi 9.0). H, M, D and G symbolize protons,
Na+, Ca2+ and Mg2+, respectively. R1 is the stationary portion of current via O1 compared to I0 with
Is = R1 ∗ I0 + I2s.
Cells C1V11 C1V15 C1V111 C1V11 C1V15 C1V111
zE1 0.04 0.55 0.70 zE2 1.08 0.54 0.20
kce1 3.0× 101 3.1× 102 2.3× 103 kce2 7.5× 102 3.2× 103 5.1× 103
kec1 4.2× 103 1.4× 105 1.1× 105 kec2 1.0× 104 2.9× 104 1.1× 104
kcH1 8.1× 104 9.2× 104 8.1× 105 kcH2 4.9× 104 3.7× 103 1.9× 104
kHc1 8.9× 101 4.4× 101 1.8 kHc2 3.7× 101 2.7× 102 6.0
kHe1 2.8× 101 1.3× 101 1.0× 101 kHe2 3.1× 101 3.7× 101 1.9× 101
kcM1 4.3× 102 3.0× 102 1.3× 102 kcM2 1.2× 101 8.0× 102 2.2× 103
kMc1 3.0× 102 7.0 1.0× 102 kMc2 6.2× 101 8.4× 101 7.3
kMe1 4.1× 101 5.9× 101 1.0× 103 kMe2 1.2 1.2× 101 5.3× 101
kcD1 8.3× 103 2.0× 102 7.7× 103 kcD2 9.9× 104 7.2× 103 3.0× 103
kDe1 1.2× 101 1.5× 101 4.1× 101 kDe2 2.0× 101 9.1× 102 6.3× 102
kDc1 2.1× 101 3.3 1.5× 102 kDc2 2.6× 101 6.0× 101 1.2× 101
kcG1 1.3× 102 2.6× 102 3.3× 102 kcG2 7.3× 104 1.1× 101 4.5× 104
kGc1 1.8× 101 1.2× 102 3.1× 102 kGc2 6.2× 104 5.0× 103 1.3× 102
kGe1 2.0× 102 2.3 7.4× 102 kGe2 1.2× 102 1.7× 101 5.8× 102
R1 0.373 0.024 0.152 Error 0.116 0.079 0.052
Table A.6.: Model parameters obtained for three selected C1V1 cells. Symbols have the same meaning
as described for Table A.5.
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Cell Catch+3 Catch+5 Catch+9 Catch+3 Catch+5 Catch+9
zE1 0.39 0.54 0.23 zE2 0.46 0.71 0.82
kce1 1.4× 101 1.0× 101 3.0× 103 kce2 2.9× 102 1.3× 103 1.6× 103
kec1 9.2× 106 1.1× 108 5.4× 104 kec2 5.9× 105 3.8× 104 6.3× 104
kcH1 3.2× 106 3.3× 106 4.4× 104 kcH2 5.0× 104 8.2× 103 4.4× 104
kHc1 2.3× 102 2.0× 102 1.9× 102 kHc2 6.7× 101 8.1× 101 2.1× 102
kHe1 3.4× 101 3.4× 101 1.1× 102 kHe2 1.1 2.3× 101 3.6× 101
kcM1 6.5× 101 2.0× 101 4.4× 102 kcM2 3.0× 102 7.2× 103 4.5× 102
kMc1 2.0× 102 3.4× 102 6.0× 101 kMc2 1.1× 104 9.7× 101 8.1× 101
kMe1 9.4× 101 1.5× 101 2.7× 101 kMe2 3.7× 102 2.2× 102 1.4× 101
kcD1 2.6× 102 5.7× 102 1.1× 102 kcD2 2.2× 103 5.5× 101 2.4× 102
kDe1 5.8× 101 9.6× 102 1.5× 101 kDe2 3.2 2.0× 101 1.4× 101
kDc1 1.4× 101 3.8× 102 7.0× 101 kDc2 1.6 7.3× 104 4.0× 102
kcG1 3.9× 102 6.6× 102 1.9× 101 kcG2 2.1× 103 1.0× 102 8.6× 102
kGc1 7.6× 102 4.1× 102 2.8× 102 kGc2 1.3× 102 7.1× 103 3.0× 102
kGe1 3.7× 101 1.2× 101 1.3× 101 kGe2 2.4× 102 3.1 5.7× 102
R1 0.53 0.36 0.007 Error 0.066 0.035 0.029
Table A.7.: Model parameters obtained for three selected Catch+ (C2 L132C T159C) cells. Symbols
have the same meaning as described for Table A.5.
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Figure A.1.: Structural model of the C1C2 chimera after Kato et al. [74]. Side chains of all important
amino acids described in this thesis are displayed. For glycine residues, main chains are depicted. Circles
cluster amino acids according to their function.
